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CHAPTER 1 
STATE OF THE ART:  RECYCLING OF EPDM  RUBBER 
VULCANIZATES 
 
 
 
1.  Introduction 
A rubbery material is composed of macromolecules (polymers), the behavior of 
which is influenced by their long-chain character. The chains are flexible; the carbon 
atoms are able to rotate around their axis, enabling the macromolecular chains to twist 
into various conformations. Consequently, entanglements can occur between these 
chains. The material is considered as a liquid, but a very viscous one that even may 
have the appearance of a solid. Curing (or vulcanization) is a process of forming a 
network between the macromolecular chains by crosslinking. After curing, the rubber 
has a fixed shape and cannot flow anymore, owing to the crosslinks, which anchor the 
polymer chains to each other and prevent them from slipping alongside. Therefore, in 
contrast to what happens in thermoplastic recycling processes, it is not possible to 
process the cured rubber only by heating and to give it a new shape.  
Approximately 70% of the rubber produced worldwide is used in tires. Among 
all possible ways of handling post-consumer tires (such as shredding and energy 
reclamation), a common one is to dump them in a landfill, creating a stockpile of tires. 
These stockpiles can cause fire danger and provide breeding grounds for rodents and 
other pests, causing health hazards [1]. An environmental-friendly method of recycling 
is therefore strongly desired. 
EPDM rubber is a copolymer of Ethylene and Propylene, with a diene as a co-
monomer, which introduces unsaturation into the macromolecule. The last letter “M” 
refers to the polymethylene(-(CH2)-) type backbone according to the nomenclature 
given by ISO1629. EPDM is usually produced in a hydrocarbon solvent (e.g. hexane) 
or in a suspension (in propene). The manufacturing of EPDM is based on Ziegler-
Natta catalysis, using Vanadium compounds (VCl4 or VOCl3) as catalyst with 
alkylaluminiumhalogene (Et2AlCl or Et3Al2Cl3) as co-catalyst. The average molecular 
weight of EPDM lays between 30000 and 150000, depending on the polymerization 
variables and the ethylene:propylene:diene ratio. The molecular structure of EPDM is 
shown in Figure 1.1 [2,3].  2   Chapter 1: State of the Art 
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Figure 1.1. A structural formula of ENB-containing EPDM
  
 
A wide range of dienes have been investigated as the third monomer(s), of 
which only two are used commercially nowadays [2,4]: 5-ethylidene-2-norbornene 
(ENB) and dicyclopentadiene (DCPD). The diene(s) are so structured that only one of 
the double bonds will polymerize, while the remaining double bond will act as a site 
for sulfur cross-linking [2]. This latter double bond will remain pendant from the chain 
backbone. Accordingly, EPDM shows an excellent resistance to heat, oxygen, and 
ozone. The research on EPDM still continues, aiming for higher quality products and 
lower price. Recently, there is a tendency of producing EPDM using metallocene 
catalyst technology, which results in a greater product cleanliness and higher 
production efficiency
 [5]. 
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Figure 1.2. World-wide EPDM Consumption 
 
EPDM is the fastest growing elastomer among the synthetic rubbers since its 
introduction in 1963 (Figure 1.2)
  [2,5-7]. It represents 7% of the world rubber 
consumption and it is the most used non-tyre rubber. This is generally due to its 
excellent ozone resistance as compared to natural rubber and its synthetic counterparts 
(Isoprene rubber/IR, Styrene Butadiene rubber/SBR, and Butadiene rubber/BR). 
Besides, EPDM can also be extended with fillers and plasticizers to an extremely high 
level and still give good processability and properties in its end products, which is a 
matter of price advantage. Moreover, it has an outstanding oxygen resistance, good 
electrical properties, little moisture adsorption, excellent resistance to weathering and Chapter 1: State of the Art   3 
chemicals, a good compression set and a very good dynamic fatigue resistance. The 
main use of EPDM (over a third of its global output [8]) is in automotive applications 
such as in the production of profiles, hoses and seals; in building and construction as 
profiles, roofing foil, and seals; in cable and wire as insulation and jacketing. EPDM is 
also used in blends with general-purpose rubbers to improve the ozone and weathering 
resistance in products such as in cover strips and thermoplastic material used for 
exterior automotive applications (bumpers and panels) [2]. Contrary to the other 
rubber parts of cars, namely tires, EPDM rubber has received much less attention 
concerning the recycling issue.  
2.  Rubber recycling processes 
Ever since tires and other rubber products have been produced and used, there 
has been the problem of scrap or used rubber parts. A recognizable example is the 
post-consumer tires. Moreover, the waste of rubber during the production process of 
several products (sometimes in the order of 10 wt %) constitutes a big problem. 
Because of changing legislation, the rubber-producing and –consuming society is more 
and more urged to consider the possibilities of recycling in one form or the other. This 
legislation imposes the automobile-industry, for example, to recycle 95% of the 
overall weight of the car wrecks from 2015 onwards. As a result, the rubber industry 
cannot escape from recycling the rubber products used in cars. 
Rubber recycling nowadays includes all processes where rubber scrap is 
transformed into a re-usable form to produce new articles or services. One of the 
oldest rubber recycling processes, the so-called “Heater/Pan Process”, was invented 
around 14 decades ago by Hall (1858) [9,10]. Since then, numerous methods have 
been proposed and studied in the rubber recycling field [11,12]: repeat use (re-use and 
re-treading), physical recycling (reclaiming, grinding and surface activation), recovery 
of base chemicals (pyrolysis, gasification and hydrogenation) and energy recycling 
(incineration). High temperature and pressure are applied in most of the recycling 
methods studied.  
Grinding is considered a physical recycling method of rubber. The ground 
rubber can be used as a reinforcing filler in new products. In this respect, surface 
activation of the rubber crumbs has been found useful in improving the bond strength 
with other rubber particles or the surrounding matrix. On the other hand, the repeated 
use constitutes, due to the very low price of new tires, hardly a solution for the waste 
problem and retreading only happens at very small scale [13].  
Rubber recycling processes keep developing, aiming at the re-utilization of 
rubber as close as possible to its virgin form. This type of recycling method where 
rubber is re-used like in its virgin form is called devulcanization (or reclaiming). 
During devulcanization, the rubber network is broken down, often by chain scission. 
The product can be revulcanized/recured to form new rubber articles. Unfortunately, a 
selective process that only breaks the cross-links without main chain scission is still 
unavailable at the moment. The devulcanized rubber will have a different molecular 
structure compared to the unvulcanized rubber (see Fig. 1.3). Due to the broader 
molecular weight distribution, the revulcanized product will have lower mechanical 4   Chapter 1: State of the Art 
properties in comparison with the product from virgin rubber. Moreover, the 
revulcanization conditions might also be influenced by the change in molecular 
weight. 
Raw rubber Vulcanized rubber
Crosslinking
point
Linear chain
component
Broken cross-
linking point
Devulcanized rubber  
Figure 1.3. The difference of molecular structures between virgin raw rubber, 
vulcanizate and devulcanized rubber [14] 
 
The devulcanization processes, where the destruction of the rubber network 
takes place, can be classified into 5 groups:  
1.  Chemical Processes. A typical process is mixing of the rubber powder with a 
peptizer and a reclaiming agent
 [15]. The latter is used in breaking the rubber 
network. Most of the time, this method is combined with thermal and/or 
mechanical energy to accelerate the process. The most common reclaiming 
agents are disulfides, e.g. aryl disulfides such as diphenyldisulfide, thiophenols 
and their zinc salts and mercaptanes. These compounds are radical scavengers: 
they react with the radicals generated by chain or crosslink scission and prevent 
recombination of the molecules [11],[16]. Typical concentrations for the 
reclaiming agents are 0.5 to 4 wt %. Suitable peptizers are mainly aromatic oils 
with high boiling points. 
Other compounds used for sulfur-crosslink scission are 1,8-
diazabicyclo(5,4,0)undecane with p-toluene sulfonic acid or with tetraethyl 
thiuram disulfide, triphenyl phosphine, dipentene with cobalt or manganese 
compounds, redox systems, vulcanization accelerators and antioxidants [9,11]. 
Other chemicals, which are able to selectively break mono-, di- and polysulfidic 
crosslinks, are chemical probes. Examples of such compounds are: 2-
propanethiol/piperidine and triphenylphosphine to break polysulfidic bonds; 1-
hexanethiol and piperidine, lithium aluminiumhydride, phenyllithium, sodium 
dibutylphosphite, sodium-di-n-butylphosphite to break poly- and disulfidic 
bonds; methyl iodide to break monosulfidic bonds. The disadvantage of 
chemical probes is, nevertheless, the toxicity of the chemical compounds and 
the difficult reclaiming conditions [17]. Polysulfidic crosslinks can also be 
broken up by hydroxyl ions in a two phase system. The rubber powder is 
dispersed in basic water, and a quaternary ammonium chloride acts as a phase-
transfer catalysts and transports the hydroxyl ions into the rubber phase where 
the scission takes place [11]. Another chemical reclaiming method is the De-
Link process [9,18]
 that involves mixing of finely ground rubber powder of 
about 40 mesh with 6 part per hundred rubber (phr) material called De-Link in a 
two roll mill or an internal mixer at ambient temperature. De-Link is composed Chapter 1: State of the Art   5 
of zinc salt of dimethyldithiocarbamate and mercaptobenzothiazole in the molar 
ratio of 1:1 to 1:12 dispersed in diols and activated by stearic acid, zinc oxide, 
and sulfur. The tensile properties and tear resistance achieved by mixing 30% of 
this reclaim into the virgin rubber were claimed to be very similar to those of 
the virgin material.  
2. Thermo-chemical processes. For this kind of processes, the effect of heat is 
combined most of the times with the chemical one to break the crosslinking 
points, thereby to plasticize the rubber scrap. The heater or pan process (Hall, 
1858) is one of the oldest ones in the rubber reclaiming industry [9,10], where 
ground rubber is subjected to steam pressure for around 48 hours. Further 
development of this batch process with the help of reclaiming agents enables 
shorter reaction times (5-10 hours at 180°C), which are still however too long 
for practical applications. This process is applicable to a large number of 
polymers: NR (natural rubber), SBR (styrene/butadiene rubber), CR 
(chloroprene rubber), NBR (Nitrile rubber), and IIR (Butyl rubber). Moreover, 
the required equipment is relatively inexpensive. The Digester or Alkali process 
(Marks, 1899) became very important to produce reclaimed rubber [10], 
because of its ability to recycle reinforced scrap rubber. The fiber from 
reinforced coarse ground scrap material is first removed by mixing it with 
alkali, water, plasticizing oil (and chemical peptizers). The mixture is heated up 
in a jacketed, agitator equipped autoclave to 180-210°C for 5-24 hours [9]. The 
disadvantage of this process is the long cycle time and the pollution generated 
from the chemicals used. The digester solution must be disposed off after each 
cycle; the washing water with its contamination of fine rubber material also 
causes water pollution; drying and dehydrating causes air pollution and requires 
large amounts of energy. Nevertheless, this process is attractive regarding its 
ability to remove the fiber from the rubber without grinding down to extremely 
small sizes so that relatively inexpensive equipment can be used. A 
modification of this process uses a paddle stirred, horizontal autoclave in which 
the finely ground rubber scrap, mixed with reclaiming agents, is treated with 
steam. Heat transfer in this system takes place more evenly throughout the 
particles; pollution and costs are diminished since the process requires no 
digester solutions, no washing and no extensive drying. 
Recent developments were aimed at shorter reaction times. In the high pressure 
steam process [9,10], fiber-free coarse ground rubber scrap is mixed with 
reclaiming agents and reclaimed in a high pressure autoclave at 5.6 to 6.9 MPa 
and temperature around 280°C for about 5 minutes. The rubber blend is then 
collected, dried, and milled. The Engelke process mixes coarse ground rubber 
scrap with plasticizing oils and peptizers; the resulting blend is lowered in cages 
into small autoclaves. This is heated to very high temperatures for just 15 
minutes, after which refining and straining takes place [9,11]. 
3. Mechanical processes. In the mechanical process, shearing action is applied to the 
material, tearing the rubber network. The Lancaster-Banbury process is one of 
the oldest examples [9] in which fiber-free coarse ground rubber scrap is mixed 
with reclaiming agents and sheared in a high speed, high pressure internal batch 6   Chapter 1: State of the Art 
mixer. The material reaches high temperatures (around 250°C) in 3-12 minutes 
and is then cooled, refined, and strained. The Ficker reclaiming process uses the 
same concept but is carried out in a continuous, twin-screw devulcanizer 
instead of an internal mixer [9]. 
One of the first continuous reclaiming processes developed made use of a 
“reclaimator”, which in essence is a single screw extruder with a feedstock of 
0.6 mm ground, fibre-free rubber scrap. The rubber is subjected to high 
shearing action between the screw and the wall of the extruder barrel. 
Temperatures between 175-205°C are applied and the residence time is between 
1 and 3 minutes [10]. The end of the extruder is cone shaped. Only the material 
that has been well plasticized will be able to pass this cone. 
Toyota developed a process in which, according to the corresponding paper
[19], 
unvulcanized rubber, ground rubber, reclaiming oil and devulcanizing agent (in 
100:30:10:1 weight ratio) are masticated together in a mixing mill (batch 
process) or an extruder (continuous process) to produce a compound that 
contains devulcanized rubber. Using the extruder for continuous operation, the 
production steps, labor cost and time can be reduced. Rubber is fed at about 10 
kg/h, extruded and cooled in a water bath. Screw rotation speeds of 100-400 
rpm and temperatures between 50-400°C were applied. Temperatures lower 
than 50°C will slow down the devulcanization rate of the waste vulcanized 
rubber, while temperatures above 400°C will cause main chain scissions, i.e. 
degradation of the rubber. Various reclaiming agents can be used for this 
process, as long as they are able to partly break the sulfur crosslinks to such an 
extent that both the unvulcanized and the waste rubber can be well mixed. 
Toyota developed another continuous process combining pulverization, 
reclaiming and deodorization [20]. This type of process has been tested for 4 
kinds of rubber: NR-based, SBR-based, and IIR-based tire rubber and EPDM. 
For this process, rubber has to be ground first to a particle size of less than 5 
mm. The rubber particles are crushed to smaller ones in the initial zone of the 
extruder and heated up to the reaction temperature quickly.  
4. Irradiation processes [9,21-25]. Microwave devulcanization is one of the possible 
methods involving the use of irradiation techniques [9,24,26]. The principle of 
microwave heating of rubber is discussed thoroughly by Suryanarayanan [27]. 
Material is heated in the microwave field only if it can absorb microwaves via 
dipole rotation or ionic conduction. Dipole rotation plays a role in the heating of 
polar materials such as nitrile or polychloroprene rubber. In contrast, the 
heating of non-polar materials such as natural rubber, EPDM and SBR is an 
indirect heating process. The presence of carbon black in those non-polar 
rubbers makes them receptive to microwave energy. The free ions, which exist 
at the interface between carbon particle and rubber, are attracted by electrical 
fields. Their velocity represents the kinetic energy given by the microwave 
field. When the free ions collide with non-polar molecules, the energy is 
converted into heat energy that is transferred to the non-polar molecules. Chapter 1: State of the Art   7 
The devulcanization method using microwave was first described in a patent 
from the Goodyear Tire & Rubber Co. [24] Coarse ground rubber of 6-10 mm 
(preferably fiber-free) is transported in a transparent tube system through a 
microwave device. The material rapidly heats up to 260-350°C in seconds. In a 
subsequent publication, Fix [28] discussed the advantages of this method and 
pointed out that the costs to devulcanize hose and inner tube material is only a 
fraction of the costs of the original compound. In addition, the transformation 
from waste to refined stock, ready for remixing, takes place in only five minutes 
with usually 90-95% recovery of the rubber. However, the plant is no longer 
operational, reportedly due to heat control problems [9].  
It has also been discovered [29,30] that through the application of certain levels 
of ultrasonic waves at certain amplitudes in the presence of pressure, and 
optionally heat, the three-dimensional network of vulcanized elastomers can be 
broken down. As a consequence, ultrasonically treated rubbers become soft and 
can be reprocessed and shaped in a manner similar to that employed with 
uncured elastomers. This process is suitable for the recycling of various rubbers 
including those from used tires. Ultrasonic devulcanization can be conveniently 
carried out in an extruder equipped with an ultrasonic device placed in a cross-
head or coaxial die [21,31-34]. Ground rubber particles of about 0.5 mm size 
are extruded and then flow through the die, where a horn gives ultrasonic 
energy to the material. The devulcanization takes place in the gap between the 
die and the horn. Here the material turns soft and is able to flow again. The horn 
vibrates longitudinally at a frequency of 20 kHz with an amplitude between 5 
and 10 microns, which is provided by a 3000 W ultrasonic power supply 
equipped with a converter and a booster. Ultrasound amplitude, screw speed, 
feeding speed, cooling capacity and die gap have been tested with this set-up. 
Higher flow rates and smaller die gaps result in an increase in molecular weight 
of the soluble part and increased gel content. Increasing flow rate results in a 
lower decrease of crosslink density. The amount of main chain breakage is a 
controllable parameter and is dependent on pressure and residence time. 
Devulcanization occurs very fast, typically within 0.1-10 seconds. The type of 
rubber, which can be devulcanized, can be of the polar or non-polar type. The 
mechanism of rubber devulcanization under ultrasonic treatment is presently 
unclear [35].  
5. Biological processes. Biological devulcanization is usually attractive regarding its 
high selectivity. Nevertheless, a lot of effort is needed to find the suitable 
culture for a process, where high conversion can be achieved. 
Chemolithiotropic microorganisms have been tested for devulcanizing rubber 
[9,11,36], namely NR and SBR. Bacteria from the genus Nacardia  and 
Thiobacillus have been used to devulcanize NR and SBR, respectively. The 
devulcanization was only observed on the rubber particle surface and only 4.7% 
of the total sulfur was oxidized to sulfate within 40 days [37]. Due to these 
constraints, this process is still far from application in industry. 8   Chapter 1: State of the Art 
3.  EPDM recycling 
Recycling of EPDM rubber might involve reprocessing it into its virgin form by 
breaking the crosslinks between the polymer chains (devulcanization) or reusing the 
EPDM waste in usable form, as will be discussed in the following paragraphs. 
3.1. Developments in Reclaiming EPDM Rubber 
Efforts to recycle EPDM rubber are derived from tire recycling process. 
Unfortunately, the recycling process of tire rubber, which is a mixture of NR and SBR, 
cannot be applied directly to EPDM. Heat and pressure are enough to reclaim NR. The 
addition of plasticizers plays a role in reducing the cycle time and giving uniform and 
highly devulcanized product. Plasticizers (as alkyl phenol sulfides, aromatic amines, 
chlorinated mercaptans) are able to penetrate evenly into the NR and bond cleavage is 
uniform [10]. On the contrary, recycling of EPDM displays several problems due to 
the low solubility of the devulcanizing agent in the rubber. Another obstacle might be 
the presence of a higher percentage of more stable monosulfidic crosslinks in EPDM 
[38]. Indeed, the energy required to break monosulfidic bonds is approximately 20% 
higher than what is needed to break the polysulfidic bonds (Table 1.1). More details on 
several studies on EPDM recycling will be discussed in the following paragraphs.  
 
Table 1.1. Crosslink bonds energy [39]
 
Type of vulcanizates  Type of bonds to 
be broken 
Energy required 
(kJ/mol) 
Sulfur vulcanizate  - C – S -  270 
  - S – S -  240 
Peroxide vulcanizate  - C – C -  345 
3.1.1. ‘Fundamental’ or ‘small scale’ investigations 
Verbruggen et al. investigated the effect of amines as devulcanization agent for 
EPDM rubber [40]. They found that EPDM successfully could be devulcanized with 
several types of amines. In the series primary, secondary, and tertiary aliphatic amines 
as well as benzyclic amines almost no difference in reactivity was found. The relative 
decrease in crosslink density obtained with amines was comparable with the results 
obtained with disulfides. The reactivity of the amines was neither influenced by the 
basicity nor by the number of protons attached to the nitrogen atom. The presence of 
an  α-H was however suggested as the determinative factor for the reactivity. The 
relative decrease in crosslink density reached in devulcanization was reported to 
depend on the concentration of the devulcanization chemicals. A higher concentration 
of amines led to a higher decrease in cross-link density. 
3.1.2. Thermal-Mechanical Process 
Toyota developed a technology for continuously reclaiming EPDM-rubber 
within a short time (10 minutes) using a twin screw extruder [14,41-44]. The Chapter 1: State of the Art   9 
continuous devulcanization processing using the extruder was made possible by 
optimizing the various conditions, which include the reaction temperature, screw 
geometry, rotational speed and the amounts of additives such as devulcanizing agent 
and reclaiming oil. The rubber material was typically cut into 1 cm
2 pieces and fed into 
the extruder. Oil and devulcanizing agent were added to the rubber in a weight ratio of 
20:6:1 (rubber/oil/devulcanizing agent), and the mixture was swollen for at least 24 
hours at room temperature. The twin screw extruder used was 1.2 meter long, with an 
output capacity of 5-20 kg/h. The screws had a diameter of 3 cm and rotated up to 500 
rpm. The rubber temperature was increased quickly to the devulcanization temperature 
of 300°C during the process. A temperature within the range of 280°C to 330°C was 
claimed to be most preferable for sulfur vulcanized EPDM, while the shear stress 
applied was preferred to be between 1 and 15 MPa [45]. 
However, this reclaimed EPDM rubber can only be used for parts, which do not 
require a high function or high quality appearance, such as luggage door weather 
strips, hose protectors, or headlamp cover seals. A maximum addition of 25% of the 
reclaimed EPDM to virgin one was possible from a processability and performance 
point of view. 
3.1.3. Microwave Devulcanization of EPDM 
The Goodyear Tire & Rubber Company tried to devulcanize EPDM rubber 
waste with microwave energy [24,28]. A microwave frequency of 915 or 2450 MHz 
and energy between 325 and 1404 kJ/kg was generated. The heating mechanism of 
EPDM rubber by microwave is an indirect heating mechanism. EPDM itself is a non-
polar rubber; hence, it does not absorb the microwave energy. The latter is absorbed by 
the carbon black in the EPDM rubber product, which in turn heats up the molecules in 
its surrounding by conduction. Since the EPDM is usually highly loaded with carbon 
black, it can be heated rapidly in the microwave field. The mechanical properties after 
blending microwave devulcanized EPDM with virgin one were claimed not to deviate 
much from that of the virgin rubber as shown in Table 1.2 [24,28]. In addition, it is 
also mentioned in the patent that the material produced by this method can be 
devulcanized and revulcanized for the second time without significant loss of physical 
properties. 
 
Table 1.2. Physical properties of recycled EPDM 
% devulcanized EPDM  Physical Properties 
0% 18%  26% 
Tensile strength (MPa)  8.6  9.2  7.9 
Elongation at break (%)  315  375  330 
Hardness (Shore A)  73  70  71 10   Chapter 1: State of the Art 
3.1.4. Ultrasonic Devulcanization of EPDM 
An investigation into the ultrasonic devulcanization of sulfur cured EPDM 
rubber was conducted by Isayev et al.[46]. EPDM was fed at a flow rate of 0.63 g/s to 
an extruder, which was preheated to 120°C. An ultrasonic device was mounted in the 
gap between the horn and the die plate of the extruder. The EPDM vulcanizate was 
loaded into the hopper. In the extruder, the material was compressed and conveyed by 
the screw to the devulcanization zone. The ultrasonic treatment of the rubber occurred 
in the gap between the horn and the die plate of the reactor. Gap size and ultrasonic 
wave amplitude were processing parameters and had an influence on the degree of 
devulcanization. An increase of the ultrasonic amplitude and a decrease of the gap size 
increased the degree of devulcanization of EPDM.  
The devulcanized EPDM rubbers were revulcanized by using the same recipe 
and cure conditions as the virgin rubber. Concerning the dynamic visco-elastic 
properties, it was found that devulcanized EPDM was a more elastic material than 
uncured virgin EPDM and revulcanized EPDM is a less elastic material than virgin 
EPDM vulcanizate at the same loss modulus level. It was also found that the tensile 
strength of revulcanized EPDM was much higher than that of the original vulcanizates 
with elongation at break being practically the same. 
Crosslink density and gel fraction measurements indicated that more 
devulcanization was achieved at higher amplitude for all compositions of filler. 
However, less devulcanization of carbon black filled rubbers was obtained, because a 
certain portion of ultrasonic energy was consumed to break the physical and chemical 
bonds between EPDM rubbers and carbon black, which possibly displays a lower bond 
energy than the chemical bonds in polymer chains and cross-links. Mechanical 
properties of the revulcanizates deteriorated with an increase in carbon black 
concentration since the fillers became deactivated under ultrasonic treatment.  
Considerably better mechanical properties were obtained in blend vulcanizates 
containing various amounts of devulcanized rubber and virgin rubber. By adding 25% 
of devulcanized EPDM rubber into virgin filled one, better mechanical properties were 
obtained with respect to revulcanizates of 100% devulcanized EPDM rubber, at any 
content of filler. 
3.2. Ground EPDM rubber waste as filler 
Ceni Jacob et al. looked at the effect of ground EPDM vulcanizate on properties 
of EPDM rubber [47,48]. Given that EPDM products contain high oil and filler 
loadings, EPDM powder may act as a low-modulus reinforcing filler. The EPDM 
waste was ground at room temperature using a bench grinder with a silicone abrasive 
wheel rotating at 2950 rpm. They found that ground EPDM vulcanizate (W-EPDM) 
acts as a filler in raw EPDM (R-EPDM) and its addition results in an increase of 
Mooney viscosity, but a decrease of scorch time, presumably as a result of the 
accelerator migration from W-EPDM to the matrix R-EPDM. At higher loadings of 
vulcanizate powder, the maximum rheometric torque decreased, which may be 
attributed to the sulfur migration from the matrix to W-EPDM, and caused a decrease Chapter 1: State of the Art   11 
of the cross-link density of the matrix. The tensile strength, tear strength, hysteresis 
and elongation at break improved indicating the reinforcing nature of the carbon-black 
containing W-EPDM powder. In the case of low-strain modulus and hardness, the 
filler effect was counterbalanced by the crosslinking effect. The marginal increase in 
heat build-up and drop in resilience were attributed to the filler effect.  
Replacing virgin EPDM by W-EPDM in blends with other polymers [49] was 
also studied and it was found that, although addition of W-EPDM to R-EPDM/PP 
blends causes an initial drop in the mechanical properties, thermoplastic elastomers 
with enhanced properties were obtained at higher loadings of W-EPDM. Up to 45% of 
R-EPDM could be replaced by W-EPDM without significantly affecting the physical 
properties. The utilization of waste EPDM in making thermoplastic elastomers offers a 
potential means to recycle waste polymers, keeping economic as well as 
environmental factors in mind.  
4.  Final Remarks 
Re-using EPDM in its vulcanized form is one option of EPDM recycling. The 
major disadvantage is that the changes in product properties are significant. Moreover, 
the amount of waste EPDM that can be blended with the virgin one is very limited, 
since it only acts as a filler. The ideal way to recycle a material is always to re-use it in 
its original form, meaning for EPDM a recycling process in which the crosslinking 
points are selectively broken. However, in this respect, EPDM is more difficult to 
devulcanize than NR as the result of the difficult penetration of the devulcanization 
agent into the rubber matrix.  
When heat is applied to EPDM sulfur vulcanizates, the di- and polysulfidic 
bonds change into stronger monosulfidic bonds. Shear stress is necessary to break 
these monosulfidic bonds. Unfortunately, scission by shear is not a selective process. It 
breaks molecular bonds randomly, which means it may also break the main chain of 
the polymers. This will result in shorter polymer chains, which in turn will reduce the 
mechanical properties of the reclaim. 
Although the results of microwave devulcanization seem promising, the 
processing line for this process has been stopped by Goodyear Tyre Rubber & Co., 
probably due to problems with the heat control. The EPDM devulcanization method 
using a ultrasonic reactor, which was investigated by Isayev et al.
 [46], also seems 
promising. This method does not require addition of chemicals and temperatures 
higher than 120°C. Unfortunately, only unfilled EPDM vulcanizate has been tested. 
The presence of fillers might influence the process largely, considering the ultrasonic 
effect towards the filler and the interactions between the components in the compound. 
Further research still needs to be conducted to judge the applicability of this method 
for filled EPDM compounds.  
Looking at these results, the EPDM recycling field still needs further research 
in order to achieve an effective and reliable process, which results in high quality 
recycled EPDM rubber. Moreover, big scale applications of available methods still 
have to be tested extensively. The best way of recycling rubber is to decrosslink it 12   Chapter 1: State of the Art 
back to its polymer form (devulcanization) so that it can be revulcanized and reshaped 
as a new product. The studies up to date have only been able to devulcanize EPDM up 
to a given fraction, so that a maximum of 25% can be introduced in automotive parts 
that do not require a high quality appearance and function. It is still a big challenge to 
find an effective and reliable process for EPDM recycling, where the product can be 
used in high quality compounds with or without a little addition of virgin EPDM. 
5.  Research Scope 
The technology proposed in this current EPDM recycling project is based on 
the previous work of Verbruggen et al. [40] and Mouri et al. [14,41,42]. Mouri et al. 
[14] proposed a possible devulcanization reaction mechanism under shear field, 
depicted in Figure 1.4. It was suggested that the polysulfidic and disulfidic bonds are 
converted initially by the action of heat into monosulfidic bonds and release low-
molecular sulfide compounds (such as hydrogen sulfide, sulfur dioxide and carbon 
disulfide). These monosulfidic bonds are then broken under shear force. Subsequently, 
the remaining sulfur atoms in the broken sulfur crosslinks react with neighbouring H-
atoms to form a stable state (low-reactivity) sulfur functional groups. This was 
supported in the literature by following the amount of monosulfidic, disulfidic, and 
polysulfidic bonds during the process. Verbruggen et al. showed the prospect of α-H 
aliphatic amines as devulcanizing agent to restore EPDM vulcanizates in their virgin 
vulcanizable form, which has been shown by the authors by comparing the NMR 
spectra between the virgin rubber, vulcanizate and devulcanizate. 
SH SH
SH SH 
S 
Sx 
S 
S 
S 
S
Polysulfidic 
bond 
Disulfidic 
bond 
Monosulfidic 
bond
Main chain
S 
SH
SH
S 
H2S SO2 C2S
Heat  Shear 
stress 
 
Figure 1.4. Mechanism of crosslinking breakdown reaction proposed by Mouri et al. 
[14] 
 
The novel aspect of the current research is the combination of shearing and the 
use of α-H aliphatic amines as devulcanizing agent to obtain revulcanizable EPDM 
rubbers and the modelling of the process. In order to achieve a feasible EPDM 
recycling, the corresponding process parameters in the extruder, such as the shear 
stress, the temperature, and the screw configuration, have to be optimized. For this 
optimization, a satisfactory model for the process in TSE is required, which in turn 
necessitates the development of a kinetic model on EPDM devulcanization reaction. Chapter 1: State of the Art   13 
An engineering type of kinetic model was derived for this purpose. A suitable screw 
configuration and operating conditions for the continuous system would be designed 
using this engineering kinetic model.  
This research is a joint project with the University of Twente, department of 
Rubber Technology. The research conducted at University of Groningen has been 
focused on the technical part of the process, i.e. finding the suitable setup and 
operating conditions to devulcanize the EPDM. The research at University of Twente 
is focusing on the chemistry of the devulcanization and revulcanization.  
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CHAPTER 2 
SCREENING EXPERIMENTS IN A BATCH SYSTEM 
 
 
 
 
1.  Introduction 
This chapter discusses the results of screening experiments using two different 
types of EPDM rubber compound. A series of screening experiments were done to 
determine the suitable operating conditions and to restrict the research scope before 
conducting further experiments.  
A study was made on the effects of several parameters on the degree of 
devulcanization (DOD), as follows: 
1.  particle size 
2.  oil concentration 
3.  initial devulcanization agent concentration 
4.  temperature 
5.  devulcanization time 
6.  rotation speed 
Particle size and oil concentration have been optimized in the screening experiments; 
hence, their values are fixed in further experiments. Devulcanization agent 
concentration, temperature, devulcanization time and rotation speed are the parameters 
to be studied in further experiments. Their operating ranges are estimated during 
screening.  
2.  Experimental & Analysis Methods 
2.1. Material 
Two kinds of vulcanizates are used in this research, namely the roofing sheet 
and profile material from Hertalan BV. Hertalan roofing sheet has an accelerator:sulfur 
ratio of 1.5:1 that is typical for semi-efficient sulfur vulcanization system (semi-EV). 18     Chapter 2: Screening Experiments in a Batch System 
Disulfidic and polysulfidic bonds (Figure 2.1a) are most likely formed by the semi-EV 
system. On the other hand, Hertalan EPDM Profile contains 8.6:1  accelerator:sulfur 
ratio, which is typical for efficient (EV) sulfur curing system, leading to the formation 
of mostly monosulfidic bonds (Figure 2.1b) [1]. Considering this difference and the 
higher bond energy of the monosulfidic bonds, it was expected that the 
devulcanization of EPDM profile material would need more harsh processing 
conditions. 
 
S
S
Sn
where 
n>2 S
(a) (b)  
Figure 2.1. Disulfidic/polysulfidic crosslinks (1a) and monosulfidic crosslink (1b) 
2.2. Equipment 
A W30 (30 ml chamber volume) type Brabender mixer is used. This type of 
mixer is commonly used in the polymer industry for mixing very viscous liquid. 
Mooney viscosity is measured in a Mooney Viscometer MV2000 from Alpha 
Technologies.  
2.3. Analysis Methods 
The Mooney viscosity of the rubber was measured after each experiment to give 
an indication of the devulcanization degree (further devulcanization leads to a lower 
Mooney viscosity). The viscosity of the devulcanized rubber is expected to be in the 
range of 45-70 Mooney units, which is typical for EPDM virgin rubber. Within this 
Mooney viscosity range, the devulcanizate is ready to be blended with the EPDM 
virgin rubber, and to be fed into the succeeding processing steps without modifying the 
existing manufacturing equipments. 
2.4. Experimental Setup 
Table 2.1 lists the parameters and the ranges that were investigated in the 
screening experiment on the roofing sheet material. 
 Chapter 2: Screening Experiments in a Batch System 19 
Table 2.1. Variation Scheme of Each Parameter Studied 
Parameters Variations 
Particle size  <0.5,< 1, <2, <4, <10 mm 
Devulcanization time  5-40 minutes 
Initial concentration of devulcanization agent 
(Hexadecylamine) 
2-4.10
-4 mol/g compound 
Temperature  200, 225, 250, 275 °C 
Rotor speed  20-120 rpm 
3.  Screening Experiments on Roofing Sheet Material 
3.1. Effect of Particle Size 
In order to study the effect of particle size on the devulcanization degree, rubber 
crumbs from several grinding steps as listed in Table 2.2 were collected. 
 
Table 2.2. Batches for particle size variation experiment 
Batch  Grinding steps  Sieve size (mm
2) 
A 1  10x10 
B 2  8x8 
C 3  2.8x2.8 
D 4  1x1 
E 5  0.42x0.42 
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Figure 2.2 The effect of crumb size on the devulcanization (225°C, 80 rpm, 18 
minutes, 2.10
-4 mol HDA/g compound) 
 
Figure 2.2 shows the Mooney viscosity values after devulcanization of rubber 
particles with different grinding steps. The degree of devulcanization obtained tends to 
be lower with further grinding. Rubber crumbs from the first grinding step were 20     Chapter 2: Screening Experiments in a Batch System 
chosen to be used further in this research since it was not practical to use a particle size 
larger than 1 cm due to the small opening of the Brabender chamber.  
The fact that devulcanization proceeds faster with larger particle size is contrary 
to the typical reaction rate tendency where the reaction rate is proportional to the 
available surface, i.e. inversely proportional to the particle size. Therefore, the particle 
size must influence the reaction in a different manner during the devulcanization 
reaction, presumably in the shearing mechanism.  
The shear applied by the mixing head to the material in a mixing chamber is 
only effective when the chamber is filled above a certain degree of fill (normally 
above 70%). This confirms the significant role of the effective volume in a shearing 
process. In the case of a devulcanization reaction where the material is solid in the 
beginning, the bulk density of the particles determines this effective volume 
(dependent on the grinding steps). The role of bulk density is significant in the early 
reaction time until the material is devulcanized completely, forming molten polymer 
mass without spatial volume.  
Consequently, instead of comparing the devulcanization results between 
different particle sizes at the same weight (i.e. same volume of the particles in the 
chamber), a comparison was made at the same bulk volume. The main difference is 
that the spatial volume between the particles is now taken into account. For this 
purpose, an experimental set-up (see figure 2.3) is prepared to measure the bulk 
density of the particle as a function of grinding steps and pressure. 
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Figure 2.3 Bulk density measurement apparatus 
 
The apparatus has a chamber of 20x20x20 cm, in order to minimize the wall 
effect. The pressure applied to the bed is varied by tuning valve V1. The pressure 
indicator P1 measures the pressure in the piston. The vertical pressure applied to the 
particle bed is calculated by using the piston area and lid area as follows: 
lid
piston
v A
A
P P * 1 =           ( 1 )  Chapter 2: Screening Experiments in a Batch System 21 
The bulk density at 0 N/m
2 was measured with a compacted bed. The 
compacted bed was obtained by applying pressure and releasing it again a couple of 
times. After releasing the pressure, the bed was allowed to expand until equilibrium 
was reached. The height (h0) of the compacted bed was then measured to calculate the 
volume. Subsequently, pressure was applied again to the bed and then released. This 
step was repeated several times until the height of the bed did not change anymore, 
which means that the bed was compacted completely. This was taken as the bulk 
density at 0 N/m
2. After the compacted bed was obtained, the pressure was varied and 
the bed height was measured. The bulk density is measured as follows: 
lid v
iclebed rubberpart
v bed
iclebed rubberpart
bulk A P h h
W
P V
W
* )) ( ( ) ( 0 ∆ −
= = ρ       ( 2 )  
The bulk densities for rubber crumb from the second grinding step (batch B) 
and first grinding step (batch A) as a function of applied pressure are depicted in figure 
2.4. The bulk density of the rubber from the second grinding step is about 10% higher 
than that of the first step in the measured pressure range.  A comparison was therefore 
made at equal bulk volume, taking the bulk density values into account. Figures 2.5 
and 2.6 plot the torque curves of the experiments using the same particle volume and 
the same bulk volume, respectively. 
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Figure 2.4 Bulk densities of roofing sheet crumb from the first and second grinding 
step as a function of pressure 
 
It can be seen from figure 2.5 that the torque plot during the devulcanization of 
batch B crumb behaves differently from the torque plot of the batch A crumb. The 
torque during the devulcanization of batch B crumb decreases slowly in the beginning 
to a level of 6 Nm, suggesting further grinding of the rubber crumb. After 
approximately 5 minutes, the torque increases slowly and finally reaches the same 
torque level with that of batch A crumb after 900 s (15 minutes). Torque indicates the 
mechanical energy needed to masticate the material in the mixing chamber, which is a 22     Chapter 2: Screening Experiments in a Batch System 
function of viscosity, the volume of the material and the rotation speed. The similar 
final torque indicates that the viscosities of the devulcanizates after 15 minutes of 
processing are similar, considering the equal specific density of the devulcanizates and 
therefore an equal volume.  
Nevertheless, the devulcanization paths are different. The torque with batch A 
crumb increases first and then immediately decreases in about 100 seconds, reaching a 
minimum point of 7 Nm, and goes up to a torque level of 11 Nm in 8.5 minutes. While 
that of the batch B crumb just increases after 400 seconds. Thus, the rubber from batch 
A is devulcanized faster than the batch B. As stated earlier, this might be caused by a 
different in the shear efficiency in the initial time, taking the difference in the bulk 
density (figure 2.4) into consideration.  
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Figure 2.5 Torque plots of devulcanization for the same particle volume load  
(80 rpm, 225°C, 21 g rubber) 
 
Figure 2.6 shows the plots when the same initial bulk volumes were employed. 
To achieve an equal bulk volume, the amount of batch B crumb used was 10% more 
than that of batch A (23 g vs. 21 g, respectively). The torque plots have the same 
tendency: decreases in the first 100 seconds and then increases again, reaching the 
maximum point after 5 minutes total processing time. Compared to that of the batch A 
crumb, the torque of the devulcanization with batch B crumb is at any time about 10% 
higher as it results in 10% larger volume of devulcanizate (the densities of both 
devulcanizates are 1.17 g/cm
3). This indicates a similar viscosity of the devulcanizates 
at any time during the devulcanization since the torque is proportional to the volume of 
the material. 
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Figure 2.6 Torque plots for the same starting bulk volume load  
(80rpm, 225°C, 23 g of the batch B vs. 21 g of the batch A rubber particle) 
 
Hence, the effective volume is of importance during the devulcanization due to 
the role of shear. When the chamber is not well filled, there is a chance that slipping 
effect occurs so that shearing is less effective. The difference in the bulk volume 
explains why the devulcanization proceeds faster with larger crumb size at equal 
amount (in weight) of samples. Furthermore, this result also indicates there is no need 
to grind the rubber further to smaller size, which is advantageous for the economical 
feasibility of the process.  
3.2. Effect of the Addition of Processing Oil  
The effect of using processing oil is tested by applying 0%, 5%, and 10% oil 
concentration. Sunpar 150 is a paraffinic oil, which is suitable in the processing of 
EPDM rubber, since this oil can be retained by the rubber due to the similarity in the 
chemical structure.  
 
Table 2.3 Screening experiments for determining optimum oil concentration 
[oil] 
Run 
   (g/g rubber) 
Mooney 
Viscosity 
ML(1+4) 100°C 
1 0%  86 
2 5%  65 
3 10%  52 
 
From the results in table 2.3, it can be seen that the addition of processing oil 
reduces the viscosity significantly. The oil added to the rubber will be entrapped in the 
rubber matrix, swell the rubber and ease the slipping between the rubber polymer 
molecules. On the other hand, the resulting Mooney viscosity might not only give an 
indication of the degree of devulcanization, but also the lubricating effect of oil during 
the Mooney measurement. Considering this lubricating effect and a potential reduction 24     Chapter 2: Screening Experiments in a Batch System 
in mechanical properties of the product due to the high oil content, it was decided to 
use a constant amount of 5% oil for further study. 
3.4. Effect of Devulcanization Agent Concentration 
Devulcanization only occurs significantly when a devulcanization agent is 
present. Therefore, the use of a devulcanization agent is essential. Among the 
devulcanization agents reported in the literature [2], hexadecylamine is chosen due to 
its boiling point, which is higher than the devulcanization temperature adopted here.  
The effect of initial HDA concentration was studied by varying the 
concentration as listed in Table 2.4. The experiments were done at 250°C and 100 rpm 
for 10 minutes in the Brabender batch mixer. 
 
Table 2.4. Determination of initial [HDA] added 
Run [HDA]  
(mol/g 
rubber) 
[oil] 
(g/g rubber)
Mooney 
Viscosity 
ML(1+4) 100°C
1 2·10
-4  5% 66 
2 3·10
-4 5%  51 
3 4·10
-4 5%  43 
 
The Mooney viscosity decreases with the increase in HDA added, implying that 
the devulcanization reaction is favoured at higher devulcanization agent concentration. 
This trend follows the common tendency in reactions, where a higher reactant 
concentration leads to a higher conversion.  
Nevertheless, more reactant means higher cost in application. Since the use of 
2·10
-4 mol HDA/g rubber is already enough to melt the rubber in a reasonable time and 
temperature, this concentration is chosen for the following experiments using the 
roofing sheet material. 
3.5. Effect of residence time, temperature, and rotation speed 
The effect of residence time on the devulcanization was tested in the screening 
experiments, in order to give an idea of the possible working range for further 
experiments. Figure 2.7 shows that the decrease in Mooney viscosity is still significant 
up to 38 minutes for the operating conditions applied (80 rpm, 250°C) and that the 
decrease in early minutes is steeper. Unfortunately, it is impossible to measure the 
Mooney viscosity in the first 10 minutes, due to too its high values. As a result, 
Mooney viscosity is not a suitable parameter for modeling purposes in Chapter 3.  
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Figure 2.7 Screening experiments for t variation  
(250°C, batch A crumb, 80 rpm) 
 
The range of temperatures studied was determined in the screening experiments 
by varying the wall temperature from 200-285°C. A higher set wall temperature is not 
possible, due to the limited working temperature of the Brabender batch mixer. The 
results are plotted in figure 2.8. The Mooney viscosity after processing for 18 minutes 
at 200°C and 80 rpm is 100 MU. The devulcanization reaction rate is very low at 
200°C, making it not feasible for industrial application. Therefore, a temperature range 
of 225-285°C is selected for further experiments in the batch mixer. 
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Figure 2.8 Screening experiments for determining the temperature range  
(18 minutes processing time, 80 rpm, batch A crumb)  
 
Figure 2.9 depicts the results of the screening experiment on the rotation speed. 
The resulting Mooney viscosity of the devulcanized EPDM depends on the rotation 
speed set in the Brabender batch mixer. Its value is lower with the increase of the 
rotation speed for the same processing time. The Mooney viscosity for experiments at 
20 rpm was above the measurable viscosity in the Mooney machine. This result shows 26     Chapter 2: Screening Experiments in a Batch System 
the importance of shear to the devulcanization process, namely in breaking the rubber 
network as reported in the literature [3-5].  
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Figure 2.9 Screening experiments to determine the rpm range  
(250°C, 22 minutes processing, batch A crumb) 
 
4.  Screening Experiments of the EPDM Profile Material 
It was observed that the EPDM Profile 82565 needs more strenuous conditions 
with respect to the EPDM Roofing Sheet material. For instance, a concentration of 
2·10
-4 mol HDA/g rubber was not enough to devulcanize this rubber. Figures 2.10 and 
2.11 show the Mooney curves of the devulcanized roofing sheet and profile material, 
respectively, using the same processing conditions (10 minutes at 290°C and 120 rpm, 
using 5% oil and initial [HDA] of 2·10
-4mol/g rubber, without premixing). The curve 
on figure 2.10 is a typical Mooney curve, while that on figure 2.11 shows an 
occurrence of a second peak during the measurement.  
 
Figure 2.10 Mooney curve of EPDM roofing sheets (290°C, 120 rpm) 
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Figure 2.11 Mooney curve of EPDM profile (290°C, 120 rpm) 
 
Screening experiments for the EPDM profile has been performed using the 
experimental scheme in Table 2.5. The amount of HDA and oil as well as several 
premixing methods were tested to find out whether one of these methods or their 
combination would affect the Mooney plot. 
 
Table 2.5. List of screening experiments for EPDM profile material 
Run   Devulcanization 
conditions 
[HDA]
mol/g 
rubber 
[Oil] 
%w 
Premixing time (days)  Remarks 
1 
2 
3 
4 
270
oC, 120 RPM 
and 15 min 
3x10
-4 
4x10
-4 
5x10
-4 
6x10
-4 
5 0  To  investigate  the 
proper amount of 
HDA used 
  
5 
6 
7 
8 
9 
10 
270
oC, 120 RPM 
and 15 min 
3x10
-4 5  1 
3 
3+alcohol 
3, ground HDA 
4 
4, ground HDA +alcohol
To investigate the 
suitable premixing 
conditions 
 
From this set of experiments, it was found that the typical Mooney plot can be 
obtained when a concentration of 3·10
-4 mol HDA/g rubber (or higher) and a 
premixing for 4 days (aided by alcohol) are applied. Given that both will lead to a 
higher degree of devulcanization, it is concluded for the time being that scorching (or 
recrosslinking) was impeded by the released sulfur as it detaches from the rubber 
network during the devulcanization.  
This behavior during Mooney viscosity measurement might be due to the still 
active broken chains, which recombine during the measurement. Sulfur is known as a 
radical scavenger. Hence, sulphur was added to the devulcanized material from an 28     Chapter 2: Screening Experiments in a Batch System 
extruder experiment. Figure 2.12 shows the Mooney viscosity of the sample from the 
extruder, without further treatment. The curve shows an abnormality with increasing 
viscosity during the measurement.  Figure 2.13 shows the Mooney viscosity of a 
sample from the same batch after treating it with 0.1 phr in the Brabender for 2 
minutes at 50°C and 40 rpm. The curve is now ‘restored’, giving a typical Mooney 
curve.  
 
 
Figure 2.12 Mooney viscosity of a 
devulcanized sample 
 
Figure 2.13 Mooney viscosity after 
treating the devulcanized sample with 0.1 
phr Sulfur
 
Surprisingly, further milling of the sample in the Brabender without any 
addition of sulfur could also ’restore’ the Mooney curve as shown in Figure 2.14. 
Thus, the phenomenon found in the extruded devulcanizate here is a reversible one, 
which can be solved also by further milling as suggested by Zhang et al.[6].  
 
Figure 2.14 Mooney viscosity after treating the devulcanized sample in  
the Brabender without adding sulfur Chapter 2: Screening Experiments in a Batch System 29 
5.  Conclusions 
Suitable process conditions (temperature, time, and initial devulcanization 
agent concentration) for each type of vulcanizate might differ, as has been shown 
above. The EPDM profile vulcanizate needs more extreme conditions to devulcanize 
than the EPDM roofing sheet vulcanizate. This result agrees with the fact that EPDM 
profile material contains higher amount of monosulfidic bonds compared to the 
EPDM roofing sheet due to the higher accelerator/sulfur ratio used for the 
vulcanization. Referring back to chapter 1.2, this conforms with the fact that a 
monosulfidic bond has higher bond energy compared to that of a polysulfidic bond. 
The effective volume plays an important role in the shearing mechanism, which 
is to a large extent dependent on its compaction. Processing the rubber crumb at the 
same bulk volume will result in the similar shearing mechanism, as observed in their 
torque plots. Moreover, it is unnecessary to grind the rubber to smaller size, since the 
devulcanization rate is not accelerated by the smaller particle size.  
 
 
 
 
 
 
Nomenclature 
t time  s 
T  temperature  K or °C 
h0  initial height of the bed  m 
∆h  height change due to the applied pressure  m
 
Pv  pressure applied by the lid to the top surface of 
the bed  
N/m
2 
P1  pressure in the piston  N/m
2 
Phr per  hundred  rubber  % 
Alid  surface area of the lid  m
2 
Apiston  surface area of the piston  m
2 
Vbed  volume of the particle bed  m
3 
[HDA]  HDA concentration  mol/g rubber 
[Xlink] crosslink  density  mol/g  rubber 
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CHAPTER 3 
MODELING THE KINETICS OF AN EPDM 
DEVULCANIZATION IN AN INTERNAL  BATCH  MIXER 
USING AN AMINE AS THE DEVULCANIZING AGENT 
 
 
 
 
1.  Introduction  
This chapter focuses on the estimation of the effect of operating conditions on 
the degree of conversion during the devulcanization reaction. Unfortunately, the 
molecular kinetic model of devulcanization is not available in the literature. Both the 
action of a devulcanizing agent towards the crosslinks in an EPDM compound and the 
mechanism of the mechanochemical reaction are not exactly known. The main reason 
for this is the number of components present in rubber compounds. These components 
interfere with each other during the process and during the analysis, making it difficult 
to distinguish and exactly follow all the phenomena happening throughout the 
devulcanization. It is anyhow obvious that the crosslink density (≡ the amount of 
crosslinks per gram rubber ≡ [Xlink]) is reduced and the devulcanizing agent is 
consumed during the devulcanization. Based on the reasons mentioned above, an 
engineering kinetic model is developed based on a study in a batch setup. The model 
studied here contains the main variables as the control and output parameters, i.e. 
temperature, shear rate and reactant concentrations (in this case: crosslink density and 
amine concentration). 
Shortly, instead of studying the elementary kinetics of each component and 
combining them at the end to obtain a complete model, the opposite approach is used 
to study the kinetics of the system. A final kinetic model, which covers all the 
phenomena of devulcanization, is chosen out of several proposed models by selecting 
the one that gives the best agreement with a number of experimental data. From this 
final kinetic model, physical explanations of the model are proposed. 
Earlier work on devulcanization reaction under a shear field was done by 
Fukumori et al. [1]. They proposed another perspective of the phenomena within the 
devulcanization process. The role of elastic constants has been considered as the 32                                   Chapter 3: Modeling the Kinetics of an EPDM Devulcanization in an 
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dominant one in a devulcanization. As shown in Figure 3.1, the difference in the 
elastic constant between the chemical bonds is much more significant than the 
difference in the bond energy. The elastic constant (K-value) for the S-S bonds is 
estimated to be about 
1/30 of that for the C-C bonds, while the ratio of the bond 
energies is less than ½, as shown in Figure 3.1(a). Hence, simple heating in a pressure 
vessel would cleave both C-C and C-S or S-S bonds randomly, which in turn would 
lead to inferior physical properties of the reclaimed rubber. At extremely high shear 
stress, induced by kneading at high degree of filling in the reactor, most rubber 
molecules may become fully elongated to their limited extensibility. Under these 
conditions, the bonds having a lower elastic constant (the S-S bonds) may become 
more extended in comparison with bonds having higher elastic constant (the C-C 
bonds), as shown in Figure 3.1(b). This means that the elastic energy induced by high 
shearing may be particularly effective on the S-S bonds, causing a selective breakage 
at the crosslink sites.  
Nevertheless, this selective breakage mechanism would be possible when the 
number of C-C bonds is almost equal to the number of C-S and S-S bonds. In practice, 
the number of C-C bonds in a rubber is much larger compared to the number of C-S 
and S-S bonds, leading to a higher chance in stretching C-C bond instead of C-S bond 
or S-S bond and accordingly unselective scission. 
 
 
 
Figure 3.1. Breakdown of crosslinks in high shear flow: (a) model for network chain; 
(b) deformation of the network chain (particularly S-S bonds) by shearing [1] 
 
The preceding work from Verbruggen et al. [2] on the effectivity of amine as 
devulcanization agent, shows an alternative to devulcanize EPDM rubbers with 
diphenyldisulfides. Amines are used for different purposes in rubbers, including the 
application as reclaiming agent. Several types of amine function as degradation 
stabilizers for plastics and coatings. Most degradation processes have a free radical 
character and these amines act as radical scavengers [2].The devulcanization process at 
high temperatures is assumed to have a radical character and amines might facilitate 
this reaction. The work of Verbruggen showed that among different kinds of amines 
investigated (e.g. primary, secondary, tertiary, aromatic, benzylic, and heterocyclic 
amines), only the amines with an α-H atom are effective as devulcanization agent. It 
was also shown that the use of these amines reduced the crosslink density mainly by 
selective reaction of the former with the sulfur bridges [2].  Chapter 3: Modeling the Kinetics of an EPDM Devulcanization in an     33 
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2.  Materials and Methods 
2.1. Materials & Equipments 
Waste vulcanized EPDM was supplied by Hertel B.V. and ground to particles 
less than 1 cm in size by Rubber Resources. The vulcanized EPDM compound 
originates from the production line for building profiles. Hexadecylamine (HDA) from 
Acros was used as the devulcanization agent. Sunpar 150 oil from Sunoco B.V. was 
used as plasticizer in the process. Polyisobutene from Acros with a molecular weight 
below 17000 was used to calibrate the Brabender. 
Devulcanization of EPDM was conducted in a Brabender batch mixer (Plastic-
corder PL2000) in this research. The rotor speed and wall temperature of the mixing 
chamber were controlled. During the reaction, the torque and the temperature of the 
material were monitored as a function of time. 
The premixing of the reaction substrates (EPDM rubber, HDA and oil) was 
conducted in a tumbling mixer.  
2.2. Analytical Methods 
Mooney Viscosity 
The Mooney viscosity ML(1+4)100°C was measured using a Mooney MV2000 
apparatus from Alpha Technologies. 
Crosslink Density 
The crosslink density was used as an indication of the extent of the 
devulcanization reaction. The presence of crosslinks hinders the dissolution of the 
rubber in an organic solvent: the rubber matrix takes up the solvent into its network 
and swells.  
The sample was immersed in decaline for 3 days until it reached equilibrium 
swelling and subsequently was dried in a vacuum oven at 80°C until constant weight 
was reached. Decaline was used as the swelling agent, since it gives the highest 
accuracy in the measurement of EPDM crosslink density among the other swelling 
agents (e.g. benzene, cyclohexane, etc.) due to its low solvent-polymer interaction 
parameter with EPDM [3].  
The weight of the swollen sample and the weight of the dried sample were used 
to calculate the relative decrease of crosslink density ([Xlink]) during the process. The 
apparent crosslink density was calculated using the Flory-Rehner equation as follows 
[4,5]: 
) 5 . 0 (
) 1 ln(
] [
3
1
2
R R S
R R R
V V V
V V V
Xlink
− ⋅
⋅ + + −
=
χ
        ( 1 )  
where the interaction parameter of decalin-EPDM χ is 0.121+0.278·VR [6].  
 34                                   Chapter 3: Modeling the Kinetics of an EPDM Devulcanization in an 
            Internal Batch Mixer using an Amine as the Devulcanizing Agent 
 
Hexa-decyl Amine (HDA) Concentration 
The concentration of HDA remaining after devulcanization was determined 
quantitatively by gas chromatography (GC). For this purpose, a gas chromatograph 
HP5890 series II equipped with HP-5 Capillary column (0.25 mm internal diameter 
and 30 m length) was used.  
First, the rubber sample was extracted in a known amount of hexane for at least 
2 days, which is enough to extract all the remaining HDA in the rubber sample. An 
extraction time longer than this does not give any increase in the amount of HDA 
dissolved. Then, 4 parts of the extract were mixed with 1 part of the internal standard 
solution (0.5% decane in hexane) and analysed in the GC.  
A calibration chart was made by measuring the spectrum of several HDA and 
internal standard (IS) solutions in order to obtain a correlation between the ratio of 
HDA to IS area and the ratio of HDA to IS concentration. Using this correlation, the 
actual concentration of HDA in the extract and consequently in the devulcanized 
sample could be calculated.  
3.  Experiments 
3.1. Experimental Scheme 
The devulcanization process was conducted based on the devulcanization 
methods proposed by Mouri et al.[7] and Verbruggen et al. [2] using a shearing 
machine and hexadecylamine as the devulcanization agent.  The devulcanization 
process performed in the Brabender batch mixer occurred under shear stress generated 
by the rotating mixing heads and by heat supplied by the electrical heater and 
generated by viscous dissipation. 
The experiments were conducted at rotor speeds varying from 40 to 120 RPM 
and wall temperatures from 235°C to 285°C (Table 3.1). This temperature range was 
chosen because it has been reported to be the range in which HDA effectively cleaves 
the crosslinks within EPDM rubber [2].  The data obtained from varying temperature 
and rotation speed were used to generate the engineering model, which was used on a 
later stage to describe the kinetics of the devulcanization reaction as a function of 
temperature and shear rate.  
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Table 3.1. Experimental scheme for the kinetic investigation of the devulcanization 
reaction  
Series Twall 
(
°C) 
RPM [HDA] 
mol/g rubber
[Oil] 
%wt 
Remarks 
1 225 
2 230 
3 240   
4 250   
5 260 
6 270 
80  To determine the effect of 
temperature on rate constants  
7 225 
8 250 
9 270 
90 
10 225 
11 250   
12 270 
100 
13 225 
14 250   
15 270 
110 
16 225 
17 250   
18 270 
120 
19 225  40 
20 225  60 
3x10
-4
 
 
5 
To determine the effect of 
shear on rate constants 
3.2. Shear Rate Calibration in the Brabender 
The Brabender constant had to be determined first in order to convert rotor 
speed into shear rate. Therefore, a calibration using polyisobutene as a Newtonian 
liquid, as described by Goodrich and Porter [8], was carried out. The calibration 
resulted in the following conversion between the shear rate and rotation speed of the 
Brabender: 
S . γ ⋅ = 6754 0 &  [s
-1]           ( 2 )  
Shear rate is included in the model, as it is known from the screening 
experiments that devulcanization goes faster at higher rotation speeds. The reason is 
most commonly quoted as the shear force (which is related to the shear rate by a 
viscosity term), since energy is needed to deform the rubber matrix.  
4.  Results  
4.1. Decrease in Crosslink Density without any Devulcanizing Agent  
Although the results from the screening experiments showed that a 
devulcanization agent is necessary to devulcanize the rubber, it was interesting to see 36                                   Chapter 3: Modeling the Kinetics of an EPDM Devulcanization in an 
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the behavior of the measured crosslink density in time when processing the rubber 
without any addition of devulcanization agent. The results of the experiments in this 
condition are given in Figure 3.2. Without addition of HDA, the crosslink density 
decreased at much slower rate compared to when HDA was present. Besides, it was 
also observed that the devulcanization without HDA cannot reach the point at which 
the rubber starts to melt. This implies that the use of a devulcanizing agent is essential 
to devulcanize the EPDM rubber studied. 
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Figure 3.2. Crosslink density-time profile during EPDM devulcanization in the 
Brabender mixer without HDA  
 
The plots show that the decrosslinking rate decreases with time along with the 
decrease of crosslink density. This is a reasonable tendency, since breaking the rubber 
network becomes more difficult when the amount of the remaining bonds to be broken 
is less.  
4.2. The Model 
Not enough information is found in literature to derive an applicable kinetic 
model of EPDM devulcanization using amine as a function of shear rate. However, the 
following informations are available: 
−  Devulcanization happens even without the presence of HDA, i.e. only by 
the action of temperature and shearing, even if the conversion is sensibly 
lower 
−  HDA reacts with the sulfur bridges to yield a decrosslinked product [2]. 
  Based on this information and of very simple kinetic considerations, several 
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performed a screening of several proposed models (Figure 3.3) by looking for the one 
that can give constant reaction orders and minimum sum of squares deviation from the 
experimental data.  
Are the reaction
orders  constant for
all the data series?
Fitting the 
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with the model
Yes
No
SSE is 
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with respect to time to find 
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dt
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End
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No
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kinetic model
 
Figure 3.3. Modeling procedure 
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The following models for decrosslinking rate and HDA consumption were 
found as the result of the screening procedure:  
c b a [Xlink] ) γ (T, k [HDA] [Xlink] ) γ (T, k
dt
d[Xlink]
⋅ + ⋅ = − & & 2 1      (3) 
d b a [HDA] ) γ (T, k [HDA] [Xlink] ) γ (T, k
dt
d[HDA]
⋅ + ⋅ = − & & 4 3        (4) 
The temperature, shear rate, concentration of the devulcanization agent, 
crosslink density and the devulcanization time are the parameters that undoubtedly 
determine the degree of decrosslinking. Therefore, they are all included in the final 
model. Shear rate and temperature are incorporated in the rate constants (k’s), given 
that the shear rate indicates the intensity of the mechanical force applied and the 
temperature affects the physical properties of the material. The crosslink density, the 
devulcanization agent concentration, and time are explicitly entailed in the model.  
It is commonly understood that for the reaction of two compoonents, the 
reaction rate coefficients are related by a constant ratio (ξ), the so-called stoichiometric 
coefficient, according to the following scheme: 
Crosslinks + ξHDA →  Product        
ξ
dt
d[HDA]
dt
d[Xlink]
r
−
= − =         (5) 
 In an attempt to see if such a stoichiometric coefficient between HDA and the 
crosslinks can be extracted from the kinetic data, the values of k3 are divided by the 
values of k1 according to: 
b a
b a
[HDA] [Xlink] ) γ (T, k
[HDA] [Xlink] ) γ (T, k
dt
d[Xlink]
dt
d[HDA]
ξ
⋅ ⋅
⋅ ⋅
=
−
−
=
&
&
1
3       (6) 
The result shows that by dividing k3 by k1 from every run, an almost constant 
number of 1.1 is obtained, with an error of 0.063 at 95% level of confidence.  
Hence, it is fair to state that this value can be considered to be the 
stoichiometric coefficient between the HDA reacting and the crosslinks cleaved. For 
the rest of the discussion, k3 will then be represented by k1, since k3 is related to k1 by 
a constant ratio: 
1 3 k k ⋅ =ξ            ( 7 )  
4.3. Model for the Rate Constants 
 Increase of temperature results in a higher kinetic constant according to the 
Arrhenius equation due to the higher kinetic energy of the molecules. Contrary to that, 
the temperature affects the elasticity and viscosity of the polymer and accordingly the 
bond-rupture mechanism in the case of the mechanochemical reaction. Increasing 
temperature will soften the polymer, lower the stress and reduce the rate of energy Chapter 3: Modeling the Kinetics of an EPDM Devulcanization in an     39 
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input at a given shear rate, hence the chain ruptures [9]. The final effect of the 
temperature increase is the sum of its effect on both reactions. The temperature effects 
are illustrated in Figure 3.4-3.6.  
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Figure 3.4. Effect of temperature on k1 at different shear rates 
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Figure 3.5. Effect of temperature on k2 at different shear rates 
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Figure 3.6. Effect of temperature on k4 at different shear rates 
 
Increasing the shear rate at constant temperature, the mechanical energy (torque) 
applied is higher, as is shown in the following relation [10]: 
n n S M ~ ~ γ&          ( 8 )  
where M is the torque, 
.
γ  is the shear rate, S is the rotation speed, and n is a 
constant. 
Consequently, higher shear rate results in more severe crosslink ruptures. This 
in turn might accelerate the chemical reaction rate between HDA and crosslinks, since 
the mechanochemical reaction might facilitate the chemical one by stretching out the 
crosslinks. The effects of shear rate on the k’s are plotted in Figure 3.7-3.9.  
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Figure 3.8. Effect of shear rate on k2 at different temperatures 
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Figure 3.9. Effect of shear rate on k4 at different temperatures 
 
A model for the rate constants can now be derived, by including the effects of 
temperature and shear rate. The effect of temperature can be represented well by an 
Arrhenius equation, while that of the shear rate by an allometric equation, according to:  
⎟
⎠
⎞
⎜
⎝
⎛ =
RT
-Ea
. γ . k k
p exp 0 &         ( 9 )  
The fitting results of the rate constants with this model are shown in Figure 
3.10-3.12 for k1, k2, and k4, respectively. They all show a very good agreement 
between the rate constants and the model shown in equation (9). 42                                   Chapter 3: Modeling the Kinetics of an EPDM Devulcanization in an 
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Figure 3.11. Fitting result of k2 with the model  /RT) Ea .exp( γ . k0 k 2
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Figure 3.12. Fitting result of k4 with the model  /RT) Ea .exp( γ . k0 k 4
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The engineering kinetic model for the EPDM compound studied is now 
complete with its dependencies on the temperature and shear rate. The values of the 
parameters derived from the whole modeling procedure are listed in Table 3.2. As can 
be seen in table 3.2, the reactions orders found are not whole numbers and larger than 
1. This shows that the reactions studied are not elementary ones due to the presence of 
other components (as well as the possible interactions between them) in the rubber 
compound. 
 
Table 3.2. Model parameters 
Equation Parameters 
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a     = 4.93 
b     = 0.61 
c     = 8.34               
d    = 7                    
ξ    = 1.1069           
k01 = 6.4951.10
18   
P1    = 1.8114          
Ea1  = 73194 J/mol 
k02 = 1.3628.10
7     
P2    = 7.3821           
Ea2  = 153818.1 J/mol 
k04 = 1.3566.10
9     
P4    = 5.5002           
Ea4  = 127711.5 J/mol 
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4.4. The Model Validation 
The final model using the parameters listed in Table 3.2 was verified with the 
data from three different series. The validation results are shown in Figures 3.13-3.15. 
They all show a good agreement with the data. It means that this model can adequately 
describe the kinetics of the devulcanization reaction of EPDM and HDA under shear. 
This comprises the chemical reaction of HDA and crosslinks, the mechanochemical 
and the side reactions (i.e. the oxidative scission and HDA evaporation) in the range of 
processing conditions studied.  
However, the model is less accurate in describing the HDA consumption, which 
is shown in the larger error. This error is especially significant in the first minutes of 
the devulcanization reaction. During these first minutes of reaction, the conversion of 
HDA is still low and some of the HDA might be remaining on the chamber wall of the 
Brabender mixer, which is impracticable to be collected quantitatively. This loss of 
HDA is very difficult to be measured and it gives lower values of the HDA analyzed.    
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Figure 3.13. Model validation with experimental data (T= 235°C, 40 rpm) 
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Figure 3.14. Model validation with experimental data (T= 265°C, 100 rpm) 
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Figure 3.15. Model validation with experimental data (T= 285°C, 120 rpm) 
 
5.  Discussions 
Taking a look at the resulting model (Equations (3) and (4)), both equations 
contain two terms on the right side. It is fair to say that the second terms represent 
other reactions happening during the devulcanizations, besides the main 46                                   Chapter 3: Modeling the Kinetics of an EPDM Devulcanization in an 
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devulcanization reaction between the crosslink and HDA. The possible phenomena 
that may take place during the devulcanization process are listed as follows:  
1.  reaction of amine with the sulfur bridges 
2.  evaporation of the amine 
3.  adsorption/desorption of the amine on carbon black 
4.  oxidative scission of the sulfur bridges 
5.  oxidative scission of the main chains 
6.  oxidation of the amine 
It must be emphasized here that most probably these phenomena are not 
elementary reactions and therefore complex reaction paths are involved. In spite of this, 
the proposed model is able to acceptably account for all these processes, although it 
does not explain what happens on a molecular scale. The first (main) term in equation 
(3) and (4) represents the reaction of amine with the sulfur bridges (phenomenon 1). 
The second term in equation (3) may correspond to the oxidative scission of the sulfur 
bridges (phenomenon 4). The second term in equation (4) may account for the 
oxidation, evaporation, and adsorption/desorption of the amine (phenomena 2, 3, and 
6). The detailed study of these phenomena is out of the scope of this thesis.  
5.1. Effect of Temperature and Shear Rate on Rate Constants 
Both the temperature and shear rate affect the devulcanization reaction studied 
significantly. Therefore, simulations were prepared to study their influences on the rate 
constants by using the equation obtained for k’s (equation 9).  
The increase of the rate constants per degree temperature at various shear rates 
are listed in Table 3.3. It can be seen that the increase of k1 is higher at a given higher 
shear rate. As it has been mentioned earlier, raising the temperature significantly 
increases the chemical reaction rate between HDA and the crosslinks. On the other 
hand, the temperature increase also reduces the mechanochemical reaction rate. This 
corresponds to the theory proposed by Bueche [11], who formulated the breaking 
tension of a bond as a function of viscosity, shear rate, density, and the molecular 
weight between entanglements Me: 
 
5 0 ~  tension Breaking
.
e M
ρ
γ η.&
       ( 1 0 )  
An increase in temperature will result in a large decrease in η and minor changes in ρ 
and Me. If a higher fraction of bond rupture is expected, this opposite effect of the 
temperature increase must be compensated by an increase of γ &. Therefore, raising the 
temperature at higher shear rates results in less negative impact on the bond rupture 
rate. Consequently, it results in a higher increase in the reaction rate constant between 
HDA and crosslinks (k1).  
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Table 3.3. Temperature influence on the rate constants at certain shear rates 
γ& 
(s
-1) 
∆k1/∆T 
(%) 
∆k2/∆T 
(%) 
∆k4/∆T 
(%) 
54.03 6.81 49.81  794.43 
60.79 7.21 47.57  193.09 
67.54 7.36 54.80 39.11 
74.29 7.91 51.22 50.56 
81.05 8.41 48.57 14.09 
* % 100
) ( ) (
) ( ) (
1 1 2
1 2 ⋅
⋅ −
−
=
∆
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T k T T
T k T k
T
k
i
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The role of shear is significant when handling high molecular weight polymers, 
such as EPDM, under shear force. The latter, applied by the mixer heads, causes 
stretching of the EPDM matrix, which in turn results in network breakdown. When the 
EPDM matrix stress limit is exceeded, network breakdown will occur.  
As the crosslink density decreases, the network becomes looser and the chain 
stability of the EPDM matrix increases [9]. Consequently, the effectiveness of the 
shear force upon the EPDM matrix decreases throughout the devulcanization. 
Therefore, the decrease in the crosslink density is very fast during the first minutes, 
and then it gradually slows down and finally reaches a plateau where the decrease in 
crosslink density with time is insignificant (equilibrium).  
As shown in Table 3.4, increasing the shear rate within the range of 54 - 81 s
-1
 
at 235
o
C resulted in a less significant increase in k1 than increasing it within the shear 
range of 27 - 54 s
-1
. This difference might correspond to the critical mechanical energy 
value required to break the network. The energy applied should be sufficient to create 
high tension between the crosslinks, leading to bond ruptures. This energy contributes 
to the dissociation of the sulfidic crosslink bonds. Once the energy applied exceeds the 
stress limit of the crosslink bonds, its further increase would give less significant effect 
on k1.   
 
Table3.4. Shear rate influence on the rate constants at certain temperatures 
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∆k1/∆γ& 
(%) 
∆k2/∆γ& 
(%) 
∆k4/∆γ& 
(%) 
27.02-40.52 235  5.55  151.93  4.89 
40.52-54.03 235  4.17  49.09  102.56 
54.03-81.05 235  2.36  78.34  1131.89 
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The increases in k2 and k4 seem to be higher with increasing temperature and 
shear rate, compared to the increase in k1. However, their real values are lower than k1. 
Therefore, the increases of k2 and k4 can be neglected compared to the k1 increase, 
regarding their contribution to the total devulcanization reaction rate.  48                                   Chapter 3: Modeling the Kinetics of an EPDM Devulcanization in an 
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Figures 3.16 and 3.17 summarize the influences of temperature and shear rate 
on the k1, which is the rate constant of the main reaction term.  
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Figure 3.16. Incremental change of  k1 with temperature 
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Figure 3.17. Incremental change of k1with shear rate 
5.2. Competition between the Reaction Terms  
The values of the kinetic parameters obtained from this research can be seen in 
Table 3.2. The activation energies for each reaction are calculated according to 
equation (9). The activation energy for the reaction between HDA and the crosslinks 
(Ea1) is derived to be 73.19 kJ/mol. Deuri and Bhowmick [12] reported the values for 
thermal desulfurization of polysulfidic crosslinks in various grades of EPDM 
vulcanizates to be in the range of 60-85 kJ/mol in air and 95 kJ/mol in nitrogen 
environment. The value of the activation energy obtained in this research seems to be 
within this range, although in the devulcanization reaction conducted, not only 
polysulfidic, but also disulfidic and monosulfidic crosslink scission and main chain 
scission might occur.  
The activation energy in the k2 and k4 terms, mainly related to the oxidative 
scissions (Ea2) and the HDA evaporation (Ea4), are found to be 153 and 127 kJ/mol 
(Table 3.2). Compared to these values, the activation energy of the HDA reaction with 
crosslinks is lower. The activation energy is the minimum energy that must be 
overcome by the reacting molecules before the reaction can occur [13]. Considering 
this definition, it can be concluded that the reaction between HDA and crosslinks has a 
higher tendency to occur than the second-term reactions in equations (3) and (4). This 
can also be seen from the value of k1, which is much higher than k2  and k4 at 
corresponding temperature and shear rate. This result agrees with the expectation that 
the main reaction between HDA and crosslinks should dominate over side reactions 
(degradation, evaporation, etc.) in order to prevent deterioration in the mechanical Chapter 3: Modeling the Kinetics of an EPDM Devulcanization in an     49 
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properties and to achieve an effective devulcanization process. This low extent of 
degradation is also in agreement with the fact that EPDM material has an excellent 
resistance against the oxidation process. Due to the higher activation energy, the rate 
of oxidative scission and HDA evaporation are also more sensitive towards 
temperature effect. This can be seen in the higher increase of k2 and k4 with 
temperature increase, compared to the increase of k1.  
6.  Conclusions 
A complex process such as devulcanization can be represented by an 
engineering kinetic model, where the effects of the dominant parameters on the 
process are studied and formulated in a practical engineering equation.  
The model includes all the phenomena that occur during the devulcanization 
process, but it is not possible to distinguish them on a molecular level. This is also the 
reason why the reaction orders obtained from this kind of engineering equation are 
large and fractional. According to the validation results, the model is able to predict 
the decrease of the reactants quite adequately. 
Although the kinetic model derived here is not an elementary model, the results 
can give an idea about the reaction profiles and will be useful for designing a reactor 
and can give a contribution to further research on the devulcanization kinetics. The 
rate constant of the second term of equation (4) is much smaller in comparison with 
that of the first term. This means that the rate of side reactions involving HDA is much 
lower than the reaction rate between HDA and crosslinks (at the HDA concentration 
studied), which is an advantage to the process since the HDA can be optimally used 
for the main reaction with the crosslinks. 
 
 
 
Nomenclature 
A Arrhenius  constant   
a,b,c,d  reaction orders in equation (3), (4)  - 
Ea  activation energy according to Arrhenius equation  kJ/mol 
[HDA]  concentration of devulcanizing agent  mol/g 
rubber 
k1,k2,k3,k4 rate  constants  in  equation (3), (4)   
K elastic  constant  - 
M torque  N.m 
Me  molecular weight between entanglements  g/mol 
r  reaction rate in equation (5)  mol/(g.s) 
S  speed of rotation of brabender rotor in rpm  rpm 
SSE  sum of square of the error  - 
t time  s 
T  temperature  K or °C 
VR  volume fraction of rubber in swollen gel  - 50                                   Chapter 3: Modeling the Kinetics of an EPDM Devulcanization in an 
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VS  molar volume of the solvent  m
3/mol 
[Xlink] crosslink  density  mol/g 
rubber 
.
γ   shear rate  s
-1 
η  viscosity Pa.s 
τ shear  stress  N/m
2 
ξ  stoichiometric ratio for the reaction between HDA 
and crosslinks (see equation (7)) 
- 
χ Flory-Huggins  parameter  - 
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CHAPTER 4  
CONTINUOUS DEVULCANIZATION IN AN EXTRUDER 
 
 
 
 
1.  Introduction 
In this chapter, the engineering kinetic model derived in chapter 3 is applied to 
a continuous process. Figure 4.1 depicts the paramaters that influence the 
devulcanization reaction studied in Chapter 3. All of them have positive influence on 
the devulcanization (conversion) rate, as has been shown by equations (2) and (3) in 
Chapter 3. 
 
X-link density
Devulcanizing
agent concentration
Shear
Heat
Residence time
Conversion
 
 Figure 4.1. Parameters influencing the devulcanization reaction 
 
A self-wiping co-rotating extruder was used for this study. It is considered as a 
continuous reactor, modelled by stirred tank and plug flow reactors in series. The 
residence time is calculated based on the flow rate, the rotation speed of the screws 
and the back flow rate. By knowing the residence time of the material in the reactor 
and the shear rate applied to it in each screw section, the degree of conversion (degree 
of decrosslinking) can be calculated. The calculated crosslink densities of the material 
leaving the extruder were compared with the experimental ones to validate the model. 52   Chapter 4: Continuous Devulcanization in an Extruder 
2.  Materials and Equipments 
2.1. Materials 
The EPDM compound used here was profile material; the same material was 
used in Chapter 3 to derive the engineering kinetic equations.  Hexadecylamine from 
Acros and Sunpar 150 oil were used in the process. 
The crosslink density was measured in decaline, and its value was calculated 
according to the Flory-Rehner equation [1]. 
2.2. Equipments 
A co-rotating twin screw extruder from APV Baker with a length of 1.25 m and 
a screw diameter of 5 cm was used for this research.  
The amine used in this research has a melting point above the room temperature 
(38-47°C). The Hexadecylamine is difficult to handle in its solid form due to its 
hygroscopicity and bad flowability. Earlier attempts to feed the amine into the extruder 
in its solid form did not succeed due to the poor flowing property of the powder. 
Therefore, it was decided to feed the amine as a liquid, by preheating it in a 
jacketed vessel and pumping it as a melt into the extruder. A peristaltic pump equipped 
with Teflon tubing (isolated by a heating wire) is suitable for this purpose, while other 
type of pumps suffer from clogging problems with this amine.  
3.  Modelling Concept 
Modelling of a process in the extruder is a matter of calculating the effects of all 
the extrusion parameters on the conversion. Figure 4.2 shows the initially suggested 
modelling scheme for the devulcanization process studied. Barrel temperature, screw 
configuration, feed rate, screw speed and die resistance are the control parameters, the 
values of which can be set. The other parameters in figure 4.2 are dependent directly 
or indirectly on the control ones.  
In a numerical modelling procedure, the values of the dependent parameters can 
be calculated by dividing the extruder in smaller segments (for example 2.5 cm 
segments, as was chosen in the present case). The length of a segment is adjusted as a 
function of the reaction speed: a shorter segment for a faster reaction rate, and the 
other way around. Since the conversion within a segment is assumed to be very low, 
the structure of the material will not change drastically and hence its physical 
properties can be assumed as constant over each segment.  
The physical properties of the material are determined amongst others by the 
degree of conversion, which is dependent on the reaction time, concentrations and 
process conditions (in this case temperature and shear rate). The phase of the material 
(solid/liquid), heat transfer coefficient, density, viscosity, heat capacity and friction 
coefficient between the rubber and the channel walls are the physical properties to be Chapter 4: Continuous Devulcanization in an Extruder 53 
considered. These are used in a segment for calculating the degree of conversion and, 
in turn, the physical properties of the succeeding segment.   
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Figure 4.2. Initial extruder modelling scheme (+:positive effect, -:negative effect) 
 
The key of this modelling method is that all the physical properties must be 
measurable, which is unfortunately not the case in a devulcanization process. The main 
problems in determining the physical properties were encountered in the friction 
coefficient and viscosity measurement. The friction coefficient was difficult to 
measure, since the devulcanization process causes particle size modification and phase 
transition. The viscosity of the devulcanized rubber was hard to measure, especially at 
low degree of conversion and when the material is unstable (it recrosslinks during the 
measurement). During the devulcanization, the material is gaining back its fluidity. 
This transition is not sharp: when the rubber is not fully devulcanized, it consists of 
solid vulcanizate particles and devulcanizate melt. This in turn disturbs the viscosity 
measurement, giving instability during the test. Shortly, the viscosity term is only 
available after a certain degree of conversion is reached, which is not always the case 
when the feed rate, hence the residence time, is varied.  
Due to the restrictions in the modelling system as presented in figure 4.2, a 
simpler method was proposed, considering the extruder as a series of shearing reactors. 
By calculating the shear rate of each screw type and the residence time in each reactor 
and inserting them in the model derived in Chapter 3, the degree of conversion (in 
terms of crosslink density and HDA concentration) can be calculated.  
The new modelling scheme is depicted in Figure 4.3, with the parameters in the 
grey boxes as the control variables. Thus, the screw configuration, screw speed, the 
reaction temperature and feed rate are the control variables studied. The screw 54   Chapter 4: Continuous Devulcanization in an Extruder 
configuration, screw speed and feed rate altogether determine the residence time in the 
extruder. The shear rate is determined by the screw speed and screw geometry.  
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Figure 4.3. The modelling concept of the simplified extrusion model 
4.  Calculations of the parameters 
From the kinetic model obtained from batch experiments, two parameters are 
necessary to be calculated in order to determine the final conversion, i.e. the residence 
time and the shear rate.  
Before discussing the equations used in the extruder modelling, several assumptions 
are introduced: 
1.  Leakage flow is negligible, considering the high viscosity of rubber. In most part of 
the extruder, the EPDM is in solid phase as rubber crumbs, which turns into a 
highly viscous melt formed after devulcanization reaches a certain critical 
decrosslinking degree.  
2.  The whole extruder is divided into two sections: solid transport section and liquid 
flow section. The length of each section varies for each experiment, depending on 
the devulcanization rate at various experimental conditions. Table 4.1 shows the 
measured crosslink densities of the samples from batch experiments, at which 
points the rubber is macroscopically devulcanized. These numbers suggest that a 
minimum conversion of 65% is required for this material to be considered as liquid. 
Therefore, this conversion was chosen as the phase transformation point. The solid 
flow model is thus applied from the feeding point until the point where the 
decrosslinking degree is 65%, and the liquid flow model for the rest of the extruder 
length. The assumption of a critical degree of conversion is a common method in 
the kinetic-influenced rheology [2].  Chapter 4: Continuous Devulcanization in an Extruder 55 
 
Table 4.1. Relative decrease in crosslink densities of the EPDM profile material from 
the batch experiment sample, when the rubber appears to be a liquid 
T (°C) rpm  reaction 
t(min) 
Relative decrease in 
Xlink (experimental 
data) 
225 90  15  67.6% 
225 100  15  66.5% 
225 110  15  68.3% 
225 120  15  69.6% 
 
3.  Newtonian flow is assumed, since the exact flow behaviour during the 
devulcanization process is unknown. Newtonian flow was also assumed in the 
shear rate calculation in the Brabender when deriving the engineering kinetic 
model. Since it is important for the extrusion modelling to apply similar operating 
conditions as in the Brabender, taking the same assumption for the extrusion 
process seems reasonable.  
 
Calculation for the extruder process was performed according to the procedure 
in Figure 4.4. In the screw sections where a plug flow was assumed, the calculation 
was done per segment of 2.5 cm by first calculating the residence time and shear rate 
in that section, and then introducing them into the kinetic model from Chapter 3 to 
obtain the degree of conversion. From the degree of conversion, the corresponding 
HDA concentration and crosslink density at the end of each segment were calculated. 
These values were taken as initial ones in the calculation for the succeeding segment. 
On the other hand, the conversion in the sections where continuous stirred tank reactor 
(CSTR) behaviour was assumed, was performed without dividing the section in 
segments (Figure 4.4).  56   Chapter 4: Continuous Devulcanization in an Extruder 
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Figure 4.4. Calculation procedure for modelling the conversion in the extruder 
4.1. Shear rate 
Shear rate is dependent on the screw geometry and rotation speed according to 
the following equations [3,4]: 
1. For 90° kneading elements:  
) 25 60 ( 98 . 0 ) 25 60 ( ) 10 2 ln( 072 . 0 ) 005 . 0 10 ( 42 . 0 56 . 24 5 6 − ⋅ + − ⋅ ⋅ ⋅ − − ⋅ + = N N Q Q γ&
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2. For pressure build up elements: 
Q N ⋅ = 4 10 - 8 . 4 γ&           ( 2 )  
4.2. Residence time 
The residence time of a material in a continuous reactor, can be simply 
calculated when the filled (effective) volume of the reactor (VR) and the flow rate (Q) 
are known, according to: 
R V
Q
= τ            ( 3 )  
and  
f V VR ⋅ =            ( 4 )  
where V is the reactor volume and f is the degree of fill.  
The reactor volume is calculated for each screw type, using the following relation: 
  l A V l ⋅ =            ( 5 )  
l is the length in the screw axial direction, while Al is the cross-sectional area of the 
gap between the screw and the barrel [5,6] as depicted in figure 4.5 for the transporting 
elements: 
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Figure 4.5. cross section of a pair of corotating screws with 2 tips [6] 
 
The degree of fill of the extruder is dependent on the screw configuration, feed 
rate and screw speed. In a transporting screw element, the degree of fill is calculated 
by:  
max , D Q
Q
f =            ( 1 0 )  
 
4.2.1. Solid model 
The rubber waste is added as rubber crumbs into the extruder by means of a 
hopper. The rubber crumbs behave as solid particles in the extruder; they do not 
adhere to the channel walls as in the case of viscous liquid transport and hence the 
gravitational force can play an important role. 
The differences in solid flow model and liquid flow model are in the calculation 
of the volumetric flow rate Q and the maximum drag flow capacity QD,max. For solid 
section, equation (3) becomes:  
f dl A
Q
f V
Q
V
Q
t
l
solid
tion
solid
R ⋅ ⋅
=
⋅
= =
sec
        ( 1 1 )  
where dl is the length of the segment (2.5 cm).  
Qsolid is determined by the rubber feed rate and the density. Considering the 
rubber is in the solid phase, the volumetric flow rate of the rubber bed Qsolid was 
calculated using the bulk density of the rubber crumb (ρbulk): 
bulk
solid
M
Q
ρ
&
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In order to calculate the degree of fill f in equation (10), the maximum drag flow 
capacity QD for solid section is calculated as: 
N t A Q
v A Q
s l D
l l D
⋅ ⋅ =
⋅ =
max ,
max ,           ( 1 3 )  
 
4.2.2. Liquid model 
For the liquid section, equation (3) becomes: 
f dl A
Q
f V
Q
V
Q
t
l
liquid
tion
liquid
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⋅
= =
sec
        ( 1 4 )  
The volumetric rubber flow rate Qliquid is calculated using the density of the rubber: 
rubber
liquid
M
Q
ρ
&
=           ( 1 5 )  
The degree of fill in equation (10) is calculated by using the maximum drag capacity 
for liquid flow: 
D z D f V W H m Q ⋅ ⋅ ⋅ ⋅ = 5 . 0 max ,         ( 1 6 )  
ϕ π cos ⋅ ⋅ ⋅ = s z D N V           ( 1 7 )  
⎟ ⎟
⎠
⎞
⎜ ⎜
⎝
⎛
=
−
s
s
R
t
π
ϕ
2
tan
1           ( 1 8 )  
H is the height of the channel, W is the width of the channel, ts is the screw thread, m is 
the number of parallel channels, calculated using the following equation [6]: 
 
π
α s
s
n
n m
⋅
+ − ⋅ = 1 2           ( 1 9 )  
with ns as the number of screws, and α the tip angle in radians. The fD  in equation (16) 
is the geometrical correction factor for drag flow, calculated numerically using the 
method described by Booy [6]. The drag flow coefficient is necessary to correct the 
volume of the screw channel due to its curvature.  
Kneading sections with 90° stagger angle and -45° stagger angle (which are 
applied in this research) have no positive pumping action and therefore their degree of 
fill is always 1. The material is pushed through these sections by the preceding 
pressure build up elements. 
At the end of the pumping zone at the extruder exit, the die provides resistance 
to the flow according to equation (20); therefore, backflow occurs in this last zone.   
2 4
die
die
die die
D
L
P ⋅ ⋅ ⋅ = ∆ γ µ &          ( 2 0 )  
 
and the shear rate is calculated according to equation (21) 
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die
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The presence of back flow (Qp) increases the degree of fill by reducing the pumping 
capacity of the screw, according to:   
  P D Q Q Q − =          ( 2 2 )  
The pressure drop (dp/dz) in the down-channel direction is calculated from the 
back flow by: 
P
P
f H W m
Q
dz
dp
⋅ ⋅ ⋅
⋅
⋅ =
3
12 µ          ( 2 3 )  
The fP  is the geometrical correction factor for pressure flow, calculated using the 
method described by Booy [6]. The length of fully filled part is calculated as follow: 
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The degree of fill of the screw zone is: 
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Figure 4.6 z is the down-channel direction and l is the direction along the screw axis 
 
Since the pressure drop is calculated in down-channel direction z (see figure 
4.6), the degree of fill is also calculated in the same direction by converting the length 
of the pumping zone to the l (screw axial) direction: 
 
ϕ sin
  direction   in    zone L
zone
l
Z =            ( 2 6 )  
           
The residence time in this pumping zone is then calculated by substituting 
equation (26) into equation (4) and subsequently equation (3). Therefore, the residence 
time is increased by the occurrence of back flow.  Chapter 4: Continuous Devulcanization in an Extruder 61 
4.3. Conversion 
The conversion is calculated in the flow direction, from the inlet point and to 
the exit point. The calculation is done per segment as a function of the residence time 
and the shear rate in the corresponding section, using equations (1-3) and the 
parameters in table 3.2 of Chapter 3. The resulting crosslink density and HDA 
concentration are used for the calculation of the succeeding section.   
c b a
Xlink [Xlink] ) γ (T, k [HDA] [Xlink] ) γ (T, k
dt
d[Xlink]
r ⋅ + ⋅ = − = − & & 2 1    (27) 
d b a
HDA [HDA] ) γ (T, k [HDA] [Xlink] ) γ (T, k
dt
d[HDA]
r ⋅ + ⋅ = − = − & & 4 3      (28) 
The extruder is considered as a series of CSTR’s and PFR’s. The screw sections 
where backflow occurs, namely in the mixing section (+45° followed by -45° stagger 
angle) and in the pumping zone before the die, are considered as a number of CSTR’s 
and conversion is calculated directly for the whole section, while the rest of the 
extruder is considered as a PFR where calculation is done per segment. Mass balance 
equations derived for steady state reactors [7], where the accumulation in the reactor is 
zero, are applied and rearranged into the following equations: 
1.  The conversion in a plug flow section is calculated using equations (29) and (30) 
by solving them simultaneously (and numerically): 
∫ − =
o
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2.  The conversion in a CSTR is calculated using equations (31)-(32). This 
calculation assumes that the outgoing HDA concentration and crosslink density 
are equal to the concentration inside the reactor.  
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5.  Experimental procedures 
5.1. Simulation of the effects of Screw Design, Flow Rate, and Rotation Speed on the 
Residence Time 
From equations (29)-(32) it is obvious that the residence time plays an 
important role in the degree of conversion. Residence time in the extruder is 
influenced by screw configuration, screw speed and throughput. Since changing the 
screw configuration is not a convenient method to vary the residence time, the screw 
configuration is simulated in the beginning to find the one that can provide the longest 
residence time. This configuration was then used for the rest of experiments. Variation 
of residence time between the experiments could be done by varying the throughput 
and the screw speed. 
 
5.1.1. Finding the proper screw configuration (modelling residence time vs. screw 
configuration) 
Residence time in the extruder can be increased by using more screws with 
smaller pitch angle, i.e. smaller transporting capacity. Kneading elements at 90° 
stagger angle do not have transport capacity. The material passing these kneading 
elements is pushed in the down channel direction by the preceding transport element. 
Therefore, the length of the kneading sections should not be too long in order to 
prevent too high torque, which will disturb the extruder operation.  
For the purpose of designing the screw configuration, the problem was 
simplified into transport of rubber material without taking into account the conversion, 
phase transformation and backflow. 
Simulation has been done in order to compare the residence time obtained by 
several screw configurations, as depicted in Figure 4.7. The filled volume was 
calculated using equations (4)-(6) and (14), while the estimated residence time (at 5 
kg/h throughput and 25 rpm screw speed) was calculated using equation (3). The 
results of the residence time simulation are shown in Table 4.2. 
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Figure 4.7. Several screw configurations for residence time simulation 
 
 
Table 4.2. Filled volume of the extruder vs. screw configuration 
  
Configuration Filled  volume 
(m
3) 
Residence time 
(s) 
1  0.6 m TE + 0.4 PBU + 0.25 m KE  4.48⋅10
-4  323 
2  0.5 m TE + 0.5 m PBU + 0.25 m KE   4.88⋅10
-4  352 
3  0.325 m TE + 0.675 m PBU + 0.25 m KE  4.78⋅10
-4  344 
4  0.325 m TE + 0.575 m PBU + 0.35 m KE   5.95⋅10
-4  428 
5  0.325 m TE  + 0.525 m PBU + 0.4 m KE   6.54⋅10
-4  471 
6  0.225 m TE + 0.525 m PBU + 0.5 m KE  6.65⋅10
-4  478 
 
Since the devulcanization proceeds slowly, configuration 6 was chosen for the 
extruder experiments due to its longest residence time. The resulting extruder setup 
can be seen in figure 4.8. The kneading sections with 90° stagger angle were spread 
along the extruder, with pressure build up elements between them to provide pushing 
action on the material to pass the non-transporting kneading sections.  
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Figure 4.8. The final screw configuration 
 
5.1.2. The influence of screw speed and throughput on the residence time  
The following simulations were made to give an idea how large the influences 
(of the screw speed and throughput) are on the residence time. The effect of screw 
speed on the residence time, at a constant flow rate of 5 kg/h using screw configuration 
6, is depicted in figure 4.9. The variation in the residence time with the screw speed is 
small, i.e. of maximum 20%, in the working range of 25-200 rpm. Simulation on the 
effect of throughput on the residence time was made at a rotation speed of 25 rpm, 
using screw configuration 6. 
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Figure 4.9. Residence time as a function of screw speed 
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In contrast with the screw speed, the effect of throughput on the residence time 
is much more significant, as depicted in figure 4.10. Varying the throughput between 2 
and 20 kg/h results in residence time variation of 18 to 3 minutes. 
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Figure 4.10. Residence time as a function of throughput in the extruder 
5.2. Experimental Scheme 
Experiments in the extruder were carried out by varying the rotation speed, 
rubber flow rate, and barrel temperature. The rotation speed was varied between 50-
200 rpm, set temperature between 250-300°C, HDA concentration of 3.10
-4 mol/g 
rubber compound and rubber flow rate 3-7 kg/h. 
6.  Results and Discussions 
6.1. Viscosity of the devulcanizate 
In a common modelling procedure for reactive polymer processing, the 
viscosity (µ) is used as an indication of the extent of the reaction and the value is 
calculated as a function of shear, temperature and molecular weight. The 
devulcanization reaction involves a phase transition, from solid rubber crumbs into 
melt. The fact that this phase transition is a result of the reaction complicates the 
viscosity modelling even more. The viscosity can only be measured (still very roughly) 
after a certain degree of decrosslinking is reached, the point where the rubber starts to 
flow.  
The apparent viscosity values in this research were approximated by measuring 
the die pressure at various flow rates and using them in equations (20) and (21). The 
viscosity values found from the experiments were not accurate due to the presence of 2 
phases in the devulcanizate (solid rubber crumb with viscous devulcanizate) as can be 66   Chapter 4: Continuous Devulcanization in an Extruder 
seen in Figure 4.11. Figure 4.11(a) shows the plot of the apparent viscosity against the 
shear rate, at different temperatures. The plot shows a negligible effect of shear rate on 
the apparent viscosity values; this in turn supports the Newtonian flow assumption 
taken. Figure 4.11(b) shows a more significant dependency of the apparent viscosity 
values on the degree of conversion (represented by the measured crosslink density), 
although the spread is still too wide to derive an appropriate model.  
As it has been observed during the modelling, the viscosity term apparently 
does not have significant influence in the degree of fill. Substituting equations (20) and 
(22) in equation (23), the viscosity terms are eliminated. In practice, viscosity variation 
might take place in the screw zones and hence will influence the pressure build up 
profile due to the non-isoviscous flow (equations (23) and (24)). This viscosity 
variation might occur due to the difference in the temperature profile, degree of 
conversion, and non-Newtonian flow. 
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   ( a )        ( b )    
  Figure 4.11 Apparent viscosity: (a) as a function of shear rate, and (b) as a 
function of [crosslink] 
6.2. Degree of conversion model vs. degree of conversion experimental data 
The result of the extrusion modeling is presented in figure 4.12; the predicted 
decrosslinking degrees are plotted against the measured ones from the experiments 
within the range of temperature in the batch experiments (225-285°C set temperature) 
at shear rate of 50-217 s
-1, respectively). The crosslink density is measured in decaline, 
using the same method as discussed in Chapter 3 and the corresponding decrosslinking 
degree is calculated as: 
Decrosslinking degree % 100
0
0 ⋅
−
=
XL
XL XL end       (33) 
The result shows a good agreement, giving a standard error of 3.5%. The 
standard error of estimate is defined as [8]  Chapter 4: Continuous Devulcanization in an Extruder 67 
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Figure 4.12 Predicted conversion values vs experimental values 
 
Unfortunately, when the kinetic model was applied to an extended set 
temperature (300°C), the measured conversions are much higher than the predicted 
values (see figure 4.13). This is likely due to the significant degradation, which was 
not observed in the batch experiments due to the limitation in the Brabender operating 
temperature. Degradation is more likely to occur at higher temperature, resulting in 
main chain breakage and therefore in lower values of the measured crosslink density. 
Analysis in the GPC (figure 4.14) of a devulcanizate from an experiment at 300°C set 
temperature, 50 rpm, and 3.5 kg/h rubber feed rate shows a decrease of MW to half of 
its original value (23 000 vs. 58 000 g/mol, respectively). The measured crosslink 
density of this sample is 6.1·10
-5 mol/g rubber, compared to its predicted value of 
1.2·10
-4 mol/g rubber. Although it is tempting to draw a conclusion that the 100% 
difference in the crosslink density measured is caused by the 50% decrease of the 
average MW, a more quantitative approach, which is outside the scope of this research, 
would be needed to completely explain this. 
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Figure 4.13 Results of extrapolation of the model to 300°C set temperature  
 
 
Figure 4.14 GPC result of a sample from 300°C set temperature, 50 rpm, 3.5 kg/h feed 
rate 
7.  Conclusions 
Modelling a devulcanization process in an extruder needs a number of 
simplifications due to the unavailability of physical properties data, especially the 
viscosity. Considering the simplifications and assumptions used here, it is fair to say 
that the model can predict the conversion in the extruder quite satisfactorily.  
Extrapolating the experimental conditions to a higher temperature did not give a 
good agreement, due to the occurrence of phenomena that were not observed when 
deriving the engineering kinetic model. However, these observed deviation can be Chapter 4: Continuous Devulcanization in an Extruder 69 
easily, although only qualitatively, explained by taking into consideration the 
degradation of the rubber at high temperature. 
The analysis on the devulcanizate does not show any significant amount of 
degradation product. The average molecular weight of the devulcanizate extract is 
around 40% lower than that of the virgin material, suggesting that there is less than 
one scission per polymer chain of the sol fraction. 
The successful continuous devulcanization process modelling shows that the 
extruder operating conditions can resemble the operating conditions in the batch 
system to attain the same shear and residence time.  
 
 
Nomenclature 
CL  centerline distance between the screw axes  m 
F degree  of  fill  - 
fD  geometrical correction factor for drag flow  - 
fP  geometrical correction factor for pressure 
flow 
- 
H  height of the channel  m 
[HDA]  concentration of HDA in the rubber  mol HDA/g rubber 
l  length in the screw axis direction  m 
L total  extruder  length  m 
M  number of parallel channels  - 
M &   mass flow rate  kg/s 
n  number of screw tips  - 
N rotation  speed  rps 
Q  bolumetric flow rate  m
3/s 
QD,max  maximum drag flow capacity  m
3/s 
Rs  outside radius of the screw  m 
RB  barrel radius  m 
T residence  time  s 
ts  screw lead  m 
V reactor  volume  m
3 
VR  filled reactor volume  m
3 
W  width of the channel  m 
[Xlink] crosslink  density  mol/g  rubber 
γ&  shear rate  s
-1 
ϕ  helix angle at Rs  rad 
µ  viscosity Pa.s 
Τ shear  stress  Pa 
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CHAPTER 5 
THE  USE OF EXPERIMENTAL  DESIGN TO STUDY THE 
RESPONSES OF CONTINUOUS  DEVULCANIZATION 
PROCESSES 
 
 
 
1.  Introduction 
Experimental design is a useful tool to study the process response for a quick 
test when the kinetic data are not available. Since any reactions occur according to a 
particular kinetic equation or physical phenomenon, a process will follow certain 
tendencies. These tendencies are to be observed by the experimental design method, 
resulting in a statistical model showing the correlation between the input(s) and 
output(s). 
Building an adequate model for an extrusion process requires knowledge of the 
reaction kinetics and physical properties of the material during its transport in the 
extruder. Deriving a kinetic model as has been discussed in Chapter 3 and introducing 
it in the reactive extrusion system might be a laborious method for practical 
application. Therefore, another approach is adopted here, i.e. using the statistical 
analysis for studying the continuous devulcanization in the extruder.  
The extruder is modeled as a black box as in figure 5.1, where the rubber feed 
rate, devulcanization agent concentration, screw speed, and temperature are the only 
important input variables. The output of this black box is characterized by the degree 
of devulcanization, which can be calculated from its relative decrosslinking degree.  
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 Fig.5.1. Simplified model: black box model 
 
Other operating parameters in the extruder such as the residence time, the heat 
transfer rate, the shear force and the reaction rate are included indirectly in the model, 
since their values are affected by the variables taken into account, i.e. the 3 input 
variables. The devulcanization of EPDM requires a devulcanizing agent (HDA), 
whose concentration was varied for the roofing sheet material, but was set at its 
optimum for the profile material, namely 3.10
-4 mol/g rubber according to the result 
from screening experiments discussed in Chapter 2. The use of higher concentration 
above this value is undesired in industrial application, due to the high cost. 
 It should be kept in mind that the model produced in this way is representative 
only in the range studied and therefore extrapolating the equation might lead to a large 
error. The statistical model is useful as a quick method in studying the significancy 
and the influence of each of the parameters. By knowing which parameters play a 
major role in a process, optimization of the process can be done effectively by 
adjusting those parameters only.  
The strategy in designing the experiments for this statistical method is 
summarized as follow: 
1. Estimate which parameters might have a significant influence on the process, which 
can be done effectively by doing screening experiments in a batch system.  
2. Design an experimental series containing all these parameters at several levels for 
the real system (in this case the extruder). 
3. Analyze the experimental results by means of analysis of variance (ANOVA) to 
determine whether the parameters studied and their interactions have a significant 
influence on the process. 
4. Derive a statistical model that can represent the behavior of the process in the range 
studied. 
5. Validate the model. Chapter 5: The Use of Experimental Design to Study the Responses of  73    
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2.  Experimental Setup  
2.1. Material and Equipments 
Two types of EPDM materials were examined, i.e. the production waste of 
building profile material and roofing sheet (both produced by Hertalan B.V.). The 
building profile material contains Keltan 4703, 110 phr carbon black, and an 
accelerator:sulfur ratio of 8.6:1; the roofing sheet contains Keltan 720, 73 phr carbon 
black, and an accelerator:sulfur ratio of 1.5:1. Both materials were cut into crumbs of 
smaller than 1 cm by a rubber shredder.   
N2 out N2 in
EPDM rubber crumbs
Temperature controller
feeder
Kneading elements
90° kneading
elements
+ 45° - 45°
100°C 200°C Treact Treact Treact Treact Treact Treact Treact
pumping zone reaction zone mixing zone
transport zone +
Amine trap
Processing
oil
N2 in
N2 out
90° K.E. 90° K.E.
Cooling drum
Heating
oil
Amine
 
Figure 5.2 The extruder setup for the continuous devulcanization process 
 
The experimental setup for the devulcanization in the extruder is depicted in Fig. 
5.2. The rubber crumb was fed to the co-rotating twin screw extruder by a hopper. The 
feed inlet was flushed by N2, preventing air coming into the extruder in order to 
minimize the oxidation reactions. Processing oil (Sunpar 150) was added at the inlet. 
Processing oil is added to the process in order to lubricate the material, preventing a 
too high processing torque. The amine (HDA) was melted at 100°C and fed as a liquid 
into the extruder. The rubber crumbs, oil, and amine passed through the mixing zone 
before entering the reaction zone. In the mixing zone, the kneading elements were 
mounted in a negative stagger angle to improve mixing. Negative staggered-mounted 
kneading section gives a negative transporting action, pushing the material backward 
to the feeding section until the pressure build up is high enough to overcome this. In 
the reaction zone, high shear rate and high devulcanization temperature (between 230 
and 300°C) were applied to the mixture. 
The screw configuration was designed (see Chapter 4) to provide enough time 
(10-20 minutes at the investigated flow rate) for the devulcanization to occur in the 
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Samples were taken after a steady state was reached, which could be observed 
from steady pressure and temperature values. The sample was taken one residence 
time after the steady state was reached.  
2.2. Analytical Methods 
Swelling tests were used to obtain an indication of the degree of 
devulcanization. These tests were conducted by swelling the sample in decaline, 
weighing the swollen sample, drying the sample in a vacuum oven, and weighing the 
dried sample consecutively. The crosslink density is subsequently calculated using the 
Flory-Rehner equation[1].  
 
3.  EPDM Profile Material 
3.1. Experimental design 
The effects of each input variable and their interactions on the degree of 
devulcanization were determined using a two-level factorial design [2]. Three input 
variables were considered, namely the screw speed, rubber feed rate and temperature.  
The number of combinations needed for a full factorial design for 3 variables is 
2
3 = 8 experiments. The variables were set either to their high value or to their low 
value. The low value is coded as -1 and the high as 1 in table 5.1 and 5.2. A total of 16 
experiments were prepared in order to test the 8 combinations in duplo, which in turn 
reduces the error of the model.  
 
Table 5.1. Settings for full factorial design 
Parameter Code  High  (1)  Low(-1) 
Feed rate (kg/h)  A  7  3 
Screw speed (rpm)  B  200  50 
Temperature (°C)  C  300  250 
 
Table 5.2. Table of Experimental Combinations 
Factor 
No. Code 
Rubber Feed Rate  (A)  RPM (B)  Temperature (C) 
1 I  -1  -1  -1 
2 A  1  -1  -1 
3 B  -1  1  -1 
4 C  -1  -1  1 
5 AB  1  1  -1 
6 AC  1  -1  1 
7 BC  -1  1  1 
8 ABC  1  1  1 Chapter 5: The Use of Experimental Design to Study the Responses of  75    
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When the design factors are quantitative, the following form of a model can be 
built: 
 
Degree of decrosslinking = fa·A + fb·B + fc·C + fab· A·B + fac· A·C +  
                         fbc·B·C + fabc·A·B·C + Intercept ± error    (1) 
Where f’s are the coefficient of each factor or of their interactions. 
3.2. Results and Discussion 
3.2.1. Analysis of Variance  
The results of the experiments are presented in Table 5.3. Decrosslinking 
degree and HDA consumption are calculated as:  
Decrosslinking degree % 100 *
0
0
XL
XL XL end −
=       ( 2 )  
Where XL0 is the initial crosslink density and XLend is the crosslink density of the 
output. 
 
Table 5.3 Results of the factorial experiments 
Experiment Flowrate   
(kg/h) 
Screw 
speed (rpm) 
T  
(°C) 
Decrosslinking degree  
(%) 
1 3  50  250  58.1% 
2 3  50  250  57.4% 
3 3  50  300  78.0% 
4 3  50  300  79.4% 
5 3  200  250  65.4% 
6 3  200  250  68.6% 
7 3  200  300  78.0% 
8 3  200  300  78.4% 
9 7  50  250  58.6% 
10 7  50  250 57.6% 
11 7  50  300 75.0% 
12 7  50  300 75.4% 
13 7  200  250 63.7% 
14 7  200  250 64.8% 
15 7  200  300 75.5% 
16 7  200  300 75.4% 
 
It can be seen from the results that the decrosslinking degree varies between the 
combinations. An analysis of variance was performed in order to see which factors 
play major roles in the process. The result of analysis of variance on the degree of 
decrosslinking as the dependent variable is listed in table 5.4.  76      Chapter 5: The Use of Experimental Design to Study the Responses of 
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The sum of squares (SS) indicates the variation observed in the response (in this 
case the decrosslinking degree) when the setting of the factor is changed from its low 
(-1) setting to its high (+1) setting. The total degree of freedom (DF) is n-1 (where n is 
the number of experiments), and the DF of the error is the total DF minus the number 
of factors studied. The mean square (MS) is calculated from the sum of square and 
degree of freedom according to: 
DF
SS
MS =            ( 3 )  
The importance of a factor can be determined from its significant parameter, the 
F or P-value. The F value is determined from the mean square of the model (MS) and 
mean square of the error: 
 
error MS
MS
F =            ( 4 )  
In order to draw a conclusion that a factor is significant, F should be higher than its 
critical valuce for a certain confidence interval α. This limiting value can be found in 
an F distribution table as a function of the DF’s of the factor and α. The P-value 
corresponds to the F value: a low P value is obtained at high F. The P-value is 
showing the probability that the deviation is due to noise of the data. A P-value lower 
than 0.05 shows that there is less than 5% chance that the factor is insignificant.  
A larger number of experiments will lead to a higher value of the DF of the 
error and a lower MS of the error (MSerror), and subsequently a higher F value will be 
obtained.  
 
Table 5.4 Analysis of variance for each factor and their interactions on the 
decrosslinking degree 
Factor  SS DF  MS  F  P-value 
T 0.091327  1  0.0913 943.01 0.00000 
RPM 0.005730  1  0.0057 59.16 0.00006 
Flow 0.001880  1  0.0019 19.41 0.00227 
T*RPM 0.006111  1  0.0061 63.10 0.00005 
T*Flow 0.000368  1  0.0004 3.80 0.08691 
Flow*RPM 0.000144  1  0.0001 1.49 0.25681 
Flow*T*RPM 0.000353  1  0.0004 3.65 0.09260 
Error 0.000775  8  0.0001    
Total  0.106688  15     
 
As shown in table 5.4, the P-values of the flow, rpm, temperature, and rpm*T 
interaction are lower than 0.05, confirming that their effects on the decrosslinking 
degree are significant; while that of the other (interaction) factors are negligible.  
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3.2.2. Regression model 
Regression of equation (1) was done in Statistica® and the equation constants 
are listed in Table 5.5 for decrosslinking degree, containing only the significant factors. 
This results in the conclusion that the process can adequately be described by an 
expression of this form: 
 
Degree of decrosslinking = fa·Φm + fb·N + fc·T + fbc·T· N ± error    (5) 
 
Table 5.5 List of the coefficient values in equation (5) 
 value 
Intercept -0.50045 
Flow rate (kg/h), fA  -0.00542 
Screw speed (rpm), fB  0.0031186 
Temperature (°C), fC  0.0043249 
Temperature*Screw speed, fBC  -1.0423⋅10
-5 
Error (+/-)  0.00246 
 
The predicted decrosslinking degrees calculated by this model are plotted 
against the experimental observed values in figure 5.3, resulting in an R
2 value of 0.99. 
The R
2 value is an indication of the goodness of fit of the model; in this case, it shows 
that 99% of the variation in decrosslinking degree can be explained by the model.  
 
0.55 0.60 0.65 0.70 0.75 0.80 0.85
Observed Values
0.55
0.60
0.65
0.70
0.75
0.80
0.85
P
r
e
d
i
c
t
e
d
 
V
a
l
u
e
s
 
Figure 5.3 Model-predicted values vs. observed values of the decrosslinking degree 
 
According to the model derived, the maximum degree of decrosslinking that 
can be achieved was found at the boundary of the range investigated, i.e. 300°C and 
200 rpm, with a value of 80% decrosslinking degree. 
Plotting the response in a 3-D scale is a convenient way to study the behavior of 
the surface response. From the model derived, a 3-D plot and a contour plot were 
prepared in Matlab® by setting the flow rate at a constant value of 3 kg/h. The flow 
rate is set at its low value since the decrosslinking degree is negatively influenced by 78      Chapter 5: The Use of Experimental Design to Study the Responses of 
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the flow rate according to the equation and therefore the maximum decrosslinking 
degree in the range studied is reached at the low setting of the flow rate. 
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Figure 5.4 Plot of the Decrosslinking degree as a function of screw speed and 
temperature at low flow rate (3 kg/h) 
 
The 3-D plot in figure 5.4 shows the surface response of the model as a function 
of screw speed and temperature. The response does not show any peak/optimum point, 
but it shows a bend on the surface. The response shows that increasing the screw speed 
at low temperature gives a significant increase of the conversion, while increasing it at 
high temperature hardly affects the decrosslinking rate.  
At high temperature, the effect of shear is less significant than at low 
temperature due to a rapid decrease of viscosity with the increase of temperature. The 
shear stress is a function of shear rate and viscosity; therefore, when the viscosity is 
lower, the change of shear stress with shear rate is less significant. 
For practical applications, a contour plot (figure 5.5) showing the isolines is a 
useful tool to determine the operating conditions required to obtain a certain 
conversion. From this plot, the corresponding screw speed and temperature required to 
reach a certain degree of decrosslinking can be easily read.  Chapter 5: The Use of Experimental Design to Study the Responses of  79    
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Figure 5.5 Contour plot of the decrosslinking degree as a function of screw speed and 
temperature 
 
3.2.3. Model Validation 
The next step of the statistical modelling is checking the predictive power of the 
model within the range studied and, if it is desired, the extensibility of the model. 
Figure 5.6 shows the validation results of the model derived. The diamond points are 
the results from experiments in the range studied (inside the boundaries in table 5.1), 
while the square points (numbered) are from experiments done outside the boundaries 
studied. Table 5.6 shows the conditions of the experiments outside the flow rate 
boundary. 
The error bars were calculated for 95% confidence interval, using the method 
described by Montgomery [2]. Most of the observed values fall within the 95% 
confidence interval, which shows that the model derived is quite adequate in 
predicting the expected conversion. 
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Figure 5.6 Validation of the decrosslinking degree model 
 
 
Table 5.6. Experimental conditions for data points 1-4 in figure 5.6 
Experiment  Flow rate (kg/h)  Screw speed (rpm)  Temperature (°C) 
1 2  50  250 
2 2  200  250 
3 10  100  250 
4 10  100  270 
 
The graph shows a good agreement between the measured degrees of 
decrosslinking with the values calculated by the statistical model. This means that the 
surface response of the model is quite representative for the process studied and that 
inside the boundaries studied there are no unexpected peaks or bends on the surface.  
 
4.  EPDM Roofing Sheet  
The similar statistical method was also applied to another EPDM material, 
namely an EPDM roofing sheet material from Hertalan B.V. to study the process 
response inside certain ranges of the operating conditions.  
4.1. Experimental design 
The result from the screening experiments on the roofing sheet material shows 
that this rubber is much easier to devulcanize than the profile material (Chapter 2 this 
thesis). The roofing sheet is readily devulcanized at lower temperature, lower amine 
concentration, and within shorter residence time compared to the profile material.  Chapter 5: The Use of Experimental Design to Study the Responses of  81    
Continuous Devulcanization Processes       
Since there was an indication that lower amine concentration can also be used, 
which is an advantage from the economical point of view, the amine concentration was 
also varied and therefore four factors were considered in the full factorial design. A 
statistical model in equation (6) is built for the four input variables [2]: temperature, 
feed rate, amine concentration and screw speed.  
 
Degree of decrosslinking = fa·A + fb·B + fc·C + fd·D + fab·A·B + fac·A·C + Fad·A·D + 
fbc·B·C + fbd·B·D + Intercept ± error      (6) 
 
The model was limited to two-parameter interactions, since interactions of more 
than 2 parameters are not much useful in practice. The number of combinations needed 
for a full factorial design for 4 variables is 2
4 = 16 experiments. The variables are set 
either to their high value (coded as 1) or low value (coded as -1) as listed in table 5.7. 
A total of 32 experiments were prepared in order to test the 16 combinations in duplo.  
 
Table 5.7. Settings for full factorial design 
Parameter Letter  High  (1)  Low(-1) 
Temperature (°C)  A  270  230 
Feed rate (kg/h)  B  10  3 
HDA (mol/kg rubber)  C  0.3  0.1 
Screw speed (rpm)  D  250  50 
4.2. Results and Discussion 
4.2.1. Analysis of Variance & Regression model 
The decrosslinking degree was calculated as in equation (2). The analysis of 
variance on the decrosslinking degree is listed in Table 5.8, since it gives an indication 
of the degree of conversion. The analysis of variance shows probability (P) values 
lower than 0.05 for all the main factors (T, Flow, HDA, and RPM), and the 
Flow*HDA and Flow*RPM interactions, which means that these factors are 
significant and they should be included in the model.   
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Table 5.8 Analysis of variance for each factor and their interactions on the 
decrosslinking degree 
Factor  SS DF  MS  F P-value 
T 0.01496  1  0.01496  125.4  0.000000 
Flow 0.00072  1  0.00072  6.1  0.020652 
HDA 0.03638  1  0.03638  305.0  0.000000 
RPM 0.00735  1  0.00735  61.6  0.000000 
T*Flow 0.00004  1  0.00004 0.3  0.572399 
T*HDA 0.00001  1  0.00001  0.1  0.782458 
Flow*HDA 0.00277  1  0.00277  23.2  0.000054 
T*RPM 0.00001  1  0.00001 0.1  0.739771 
Flow*RPM 0.00205  1  0.00205  17.2  0.000320 
HDA*RPM 0.00002  1  0.00002  0.1  0.705149 
Error 0.00310  26  0.00012     
 
This results in the conclusion that the process can adequately be described by an 
expression of this form: 
Degree of decrosslinking = fa·T + fb·Φm + fc·[HDA] + fd·N + fbc· Φm·[HDA] + 
fbd·Φm·N  ±  error      (7) 
 
Table 5.9 lists the values of the coefficients in equation (7) for the significant 
factors (according to the analysis of variance); while figure 5.7 shows the plot of the 
model-calculated values versus the observed values, resulting in an R
2 value of 0.96. 
According to this value, 96% of the variation in the decrosslinking degree can be 
explained by the model. 
 
Table 5.9 List of the coefficient values in equation (7) 
   value 
Intercept 2.501·10
-1 
T (°C), fa  1.015·10
-3 
Flowrate (kg/h), fb 1.134·10
-2 
HDA (mol/kg), fc 4.796·10
-1 
Screw speed (rpm), fd  3.782·10
-4 
Flowrate*HDA, fbc  -2.508·10
-2 
Flowrate*Screw speed, fbd  -2.882·10
-5 
Error (+/-)  1.800·10
-3 
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Figure 5.7. Predicted vs. experimental values plot 
 
In the range studied, the decrosslinking degree is dependent on all of the main 
factors. Again, the maximum decrosslinking degree was found at the boundary of the 
range investigated. A maximum conversion of 75.2% was obtained at 250 rpm, 270°C, 
0.3 mol HDA/kg rubber, and 3 kg/h rubber flow rate.  
Using the statistical model derived, various graphs can be plotted according to 
the process design requirements as in figures 5.8-5.10. Figure 5.8 shows the surface 
response at high flow rate (10 kg/h) and low HDA concentration ([HDA]=0.1 mol/kg 
rubber) in order to determine which temperature and rotation speed should be applied 
to obtain a certain degree of conversion (decrosslinking). These conditions apply when 
a high production capacity with a low material (HDA) cost is desired. A higher 
decrosslinking degree can be achieved by increasing the temperature, which agrees 
with the common tendency since a higher temperature provides more thermal energy 
to overcome the activation energy of the reaction. A high screw speed leads to a higher 
conversion as it provides higher shear stress, and consequently a higher mechanical 
energy to break the rubber network. 84      Chapter 5: The Use of Experimental Design to Study the Responses of 
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Figure 5.8. Surface response of the model at high flow rate (10 kg/h) and low HDA 
concentration (0.1 mol HDA/kg rubber) 
 
Figure 5.9 shows the surface response as a function of screw speed and rubber 
feed rate, when the temperature is set at its low value (230°C) and low amine 
concentration is used (0.1 mol HDA/kg rubber). These conditions apply when low 
operating cost (low heat supply) and low material cost are desired. The surface 
response shows a good result since the high conversion (decrosslinking degree) is 
obtained at high capacity (flow rate), which is an advantage for industrial purpose. The 
screw speed again indicates the shear rate applied, a higher shear rate results in a 
further network breakage (conversion).  
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Figure 5.9. Surface response of the model at low devulcanization temperature (230°C) 
and low HDA concentration (0.1 mol HDA/kg rubber) 
 
Figure 5.9 also shows that the effect of screw speed is more significant at low 
flow rate than at high flow rate and that the conversion increases with the flow rate. Chapter 5: The Use of Experimental Design to Study the Responses of  85    
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Both the flow rate and the screw speed influence the specific mechanical energy 
(SME), which is the mechanical energy applied per material mass in the extruder. The 
SME is proportional to the shear rate and inversely proportional to the flow rate [3], as 
defined in the following equation: 
M
N Torque
SME &
π 2 ⋅
=   (J/kg)        (8) 
where M & is the mass flow rate and N is the screw speed. The equation for the torque is 
as follows [4]: 
R L D R A Torque e w ⋅ ⋅ = = ) ( ) ( . π γ µ τ &        ( 9 )  
where τw is the shear stress at the wall and equal to  γ µ & . for Newtonian liquid, and R is 
the radius of the screw. A in equation (9) is the surface on which the shear stress is 
acting, which in case of an extrusion process is the barrel surface in the fully filled 
zone, and is calculated using the effective barrel diameter as described by Booy [5]. 
The L in equation (9) is the fully filled length, where the shear takes place effectively, 
and its value is influenced by two aspects: the ratio between the feed rate and the drag 
flow capacity (Q/QD) and the length of the pressure build up zone in the extruder end, 
which is also a function of feed rate Q. A larger value of Q thus results in a larger L. 
Thus, the flow rate affects the SME negatively (due to the larger M &  value)  and 
positively (due to the larger L). In the case with this roofing sheet material, the latter 
seems to dominate over the former. 
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Figure 5.10. Surface response and contour plot at high screw speed (250 rpm) and low 
temperature (230°C) 
 
A bend on the surface response is observed when setting the screw speed at 
high value (250 rpm). The response at this condition and low temperature is showed in 
figure 5.10 as a 3-D plot and contour plot. The contour plot gives a very convenient 
reading in determining the proper [HDA] and flow rate to obtain a certain 
decrosslinking degree. The 3-D plot gives a better overview of the response behaviour 
at various conditions.  
In this case, the 3-D plot shows a different tendency at high [HDA] and low 
[HDA]. Increasing the flow rate at low [HDA] will slightly increase the decrosslinking 
degree, while increasing it at high [HDA] will decrease the decrosslinking degree. This 
can be explained by the competition between the mechanical and chemical breakage. 
Apparently, at high concentration of HDA, the chemical breakage plays the main role, 
which is caused by the higher chemical reaction rate at higher reactant concentrations 
for a non-zero kinetic order. The residence time at higher flow rate is lower, giving Chapter 5: The Use of Experimental Design to Study the Responses of  87    
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shorter time for the chemical reaction to take place. On the other hand, the mechanical 
breakage seems to play an important role at low concentration of HDA, especially 
when (almost) all of the HDA is consumed. Hence, the conversion at this condition is 
then influenced by the specific mechanical energy, as has been discussed above.  
 
4.2.3. Model Validation 
The next step of the statistical modelling is checking if the model can predict 
the decrosslinking degree at different settings, within the range studied. Figure 5.11 
plots the observed conversions against the predicted values for 6 new experiments. 
The error bars were calculated for 95% confidence interval according to Reference [2]. 
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Figure 5.11. Validation of the decrosslinking degree model 
 
5.  Comparisons of the two models 
In general, both models (for EPDM profile material and EPDM roofing sheet) 
show a similar tendency regarding the temperature and shear rate effects: the 
conversion is higher at higher temperature and higher shear rate, which is in agreement 
with the devulcanization model derived in a batch setup (Chapter 3).  
A slight difference is observed in the effect of flow rate on the conversion. A 
lower flow rate results in a higher conversion in case of EPDM profile material, while 
the effect is the other way around with EPDM roofing sheet, except at high [HDA] as 
has been discussed above. This might be explained by the difference in the 
devulcanization mechanisms of the two rubbers. As it has been observed, even during 
the screening experiments, the EPDM profile is more difficult to devulcanize. The 
devulcanization of EPDM profile requires more extreme conditions (higher 
temperature, longer time, and higher [HDA]) compared to that of the roofing sheet. 
Since the roofing sheet is much easier to be devulcanized, the melt/solid ratio in the 88      Chapter 5: The Use of Experimental Design to Study the Responses of 
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extruder is expected to be higher than with EPDM profile. With EPDM profile, the 
rubber just starts melting in the end section of the extruder, while the rubber is still in 
solid form in most of the extruder length. This melt/solid ratio in the extruder affects 
the maximum drag capacity QD, and in turn influences the degree of fill in the 
transporting elements, consequently L in equation (9). The maximum drag capacity QD 
for solid transport is calculated based on the assumption that the particles do not attach 
to the channel walls and thus the velocity is equal to that of the screw flight in the axis 
direction, as given in the following equation:  
N t A Q s x solid D ⋅ ⋅ = max, ,          ( 1 0 )  
On the other hand, the drag capacity of the melt is calculated based on the assumption 
of laminar flow, where the average velocity is half of the wall velocity [6]: 
D s melt D f ND W H m Q ⋅ ⋅ ⋅ ⋅ = ϕ π cos ) ( 5 . 0 max, ,       (11) 
When the densities of the material are similar in its solid and melt states, which is the 
case here, the QD for the melt flow is thus about the half of that of the solid flow. 
Considering that L is proportional to the ratio of Q/QD, the L in solid flow is thus less 
influenced by the flow rate Q when QD is larger. The same effect also applies in the 
length of the pressure build up zone before the extruder die. Hence, the fully filled 
volume in the extruder is more affected by the flow rate in case of the EPDM roofing 
sheet devulcanization, while its value can nearly be assumed constant in case of 
EPDM profile material. Subsequently, the positive effect of the flow rate in case of the 
EPDM roofing sheet is significant, while that of the EPDM profile is negligible.  
The hypothesis above is supported by the collected torque data listed in Table 
5.10 and 5.11. The table shows the torque values at similar temperature and rotation 
speed, at different flow rates. The table shows a negligible influence of flow rate on 
the torque for EPDM profile (calculated as % increase in torque divided by % increase 
in flow rate), while the influence is significant for EPDM roofing sheet. 
 
Table 5.10 Torque data of EPDM profile at steady state 
Screw speed,  
temperature 
Flow rate 
(kg/h) 
Relative torque  
(% from maximum)  rate   flow in    increase   %
in torque   increase   %
 
3 14  200 rpm, 300°C 
7 14 
0 
3 36  50 rpm, 300°C 
7 40 
1.7 
3 12  200 rpm, 250°C 
7 19 
3 
3 31  50rpm, 250°C 
7 38.5 
3.2 
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Table 5.11. Torque data of EPDM roofing sheet at steady state 
Screw speed, 
temperature, [HDA] 
Flow rate 
(kg/h) 
Relative torque 
(% from maximum)  rate   flow in    increase %
in torque   increase   %  
3 17  100 rpm, 230°C,  
0.1 mol/kg  10 47 
9 
3 28  100 rpm, 270°C,  
0.1 mol/kg  10 63 
10.5 
3 12  250 rpm, 270°C,  
0.1 mol/kg  10 56 
13.2 
3 12  250 rpm, 230°C,  
0.3 mol/kg  10 46 
10.2 
 
6.  Conclusions 
The model obtained represents the data satisfactorily within the boundaries 
studied. Nevertheless, extending the model to predict the results at points outside the 
boundaries needs extra attention.  
Screening experiments and the knowledge of extrusion principles facilitate the 
understanding of the responses. The responses of the statistical models derived here 
can be nicely explained by general extruder theories and the knowledge of the 
influence of the involved parameters on the devulcanization.  
The process responses of both EPDM materials studied here show similar 
tendency with temperature and screw speed (shear). Anyhow, as it has been shown 
here, the devulcanizations of different EPDM compounds might show different 
tendencies in their responses. When the material is easily devulcanized, the influence 
of flow rate on the degree of fill in the extruder (and hence, the conversion) is more 
significant, which can be explained by extrusion theory. 
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Nomenclature 
Ax 
the cross-sectional area of the gap between the 
screw and the barrel according to Reference [5,7]  m
2 
DF degree  of  freedom  - 
f  coefficient of each factor or of their interaction  - 
fD  geometrical correction factor for drag flow  - 
H  height of the channel  m 
[HDA]  Hexadecylamine concentration  mol/g rubber 
L  fully filled length of the extruder  m 
M  number of parallel channels  - 
M &   mass flow rate  kg/s 
MS mean  square  - 
N rotation  speed  rps 
Q  volumetric flow rate  m
3/s 
QD,max  maximum drag flow capacity  m
3/s 
R  screw radius  m 
SS sum  of  squares  - 
ts 
screw lead≡ the axial displacement caused by one 
rotation  m 
W  width of the channel  m 
[XL]  crosslink density  mol/g rubber 
γ&  shear rate  s
-1 
µ  viscosity Pa.s 
ϕ  helix angle at R  rad 
τ shear  stress  Pa 
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CHAPTER 6 
RECLAIM RUBBER FROM THE DEVULCANIZATES 
 
 
 
1.  Introduction 
Once the rubber has been devulcanized, it is of interest to revulcanize it as new 
product and to see whether the mechanical properties can be sustained. Recycling of 
rubber is considered as a way to save the material cost by reshaping the rubber waste 
into a new product or otherwise reusing it to replace some fraction of the virgin 
material.   
The effect of incorporating reclaimed tire rubber into virgin NR on the 
mechanical properties has been already reported [1,2]. The effect of the reclaimed 
rubber content on the curing and mechanical properties was significant. 
Sombatsompop [3] and Sreeja [2] brought up two aspects that cause the change in 
these properties: the carbon black filler content (since the reclaimed rubber was 
introduced into virgin rubber without any addition of filler) and the lower molecular 
weight of the reclaimed rubber. Rattanasom et al. [4] have studied the influence of two 
vulcanization systems, conventional vulcanization (CV) and efficient vulcanization 
(EV), on the mechanical properties of reclaimed tire rubber/NR blends at different 
reclaim/virgin NR ratios. Tantayanon et al. [5] and Jacob et al. [6] have reported the 
mixing of polypropylene (PP) with reclaimed rubber to improve the mechanical 
properties of PP, while the incorporation of ground EPDM rubber compound into 
EPDM virgin rubber has been studied by Jacob et al. [7-9]. In all the research 
mentioned above, the carbon black content in the compound varied with the waste 
rubber content, since carbon black was not added during the compounding and the 
waste rubber functioned as filler. 
 In this research, the devulcanized EPDM rubber was introduced into the virgin 
compound (already containing carbon black filler). Hence, the carbon black contents 
of the revulcanizates are equal to that of the virgin rubber and the differences in 
mechanical properties will be solely due to the difference in the structure (crosslink 
density and molecular weight) before and after it is devulcanized. Thus, the main 
difference compared to the earlier experiments [2,10-15] is that the waste rubber is 
here treated as a self-standing rubber compound instead of a filler.  Chapter 6: Reclaim Rubber from the Devulcanizates  92 
The results of three revulcanization methods using the devulcanizates produced 
earlier are presented in this chapter. The first part discusses the influences of 
accelerators and sulfur addition to the curing and mechanical properties of the 
revulcanizates and the possibility of blending the reclaimed rubber with the virgin 
material. For this part, the devulcanized EPDM profile material, which was in the first 
instance vulcanized using the efficient (EV) system and therefore consisted mainly 
monosulfidic bonds, was used as the starting material.  
The second part of this chapter discusses the effect of various devulcanization 
conditions on the curing and the mechanical properties. For this part, samples from the 
devulcanized EPDM roofing sheet, which was originally vulcanized using the semi 
efficient system (SEV) and therefore contained mainly polysulfidic bonds, was used.  
The last part discusses the results of using the devulcanized EPDM profile 
material as a replacement of the virgin roofing sheet material. In this method, the 
devulanizate is used in different application from the original rubber. 
2.  EPDM Profile 
EPDM profile devulcanizates were produced in a continuous process in a co-
rotating twin-screw extruder under various operating conditions as discussed in 
Chapter 4. The devulcanizates left the extruder in the form of a strand (Figure 6.1). 
 
Figure 6.1. A picture of a devulcanized EPDM profile material 
2.1 Characterisation of the devulcanizates 
The devulcanized samples were extracted in acetone in a Soxhlet apparatus for 
3 days to remove the low molecular weight compounds. Subsequently, the rubber was 
dried and extracted further in toluene for another 3 days in a Soxhlet apparatus. The 
sol fraction in toluene was then dried in a rotavapor at 40°C and 80 mbar. The dried 
samples were then analysed by using FTIR and GPC. The results were then compared 
with that of the extracted fraction from the virgin compound in order to see the 
differences in the starting materials before the (re-)vulcanization.  
Figure 6.2 shows the FTIR spectra of the sol fraction of the unvulcanizate and 
devulcanizates measured in a Perkin-Elmer Spectrum 2000 with ATR crystal. Above 
3000 cm
-1 no peaks can be found in the devulcanizate, which may lead to a conclusion 
that there is no or very little (below the capability of FTIR to detect) amount of 
degradation products that contain –OH groups. Degradation of hydrocarbon polymers Chapter 6: Reclaim Rubber from the Devulcanizates  93 
is believed to proceed by a free radical chain reaction, leading to the formation of –
C=O and –OH groups [16]. Delor et al. [17] and Wang et al. [18] have studied the 
thermal degradation of EPDM, which results in the formation of hydroxyl and 
carbonyl groups (wave number around 3500 cm
-1  and 1700 cm
-1, respectively).  
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Figure 6.2 FTIR spectra of the extracted unvulcanized compound vs. devulcanizates 
 
From the FTIR spectrum of the virgin rubber, absorption peaks were observed 
in the range of 1740 cm
-1. These peaks are related to the presence of C=O groups, 
which in this case come from the activators present in the compound.  
The molecular weight of the sol fraction is measured by dissolving the dried 
sample in trichlorobenzene prior to the measurement. The solution is passed through a 
PL Gel 5 µm Mixed-A column at 140°C. The weight average molecular weight of the 
devulcanizate is a factor of 1.5 lower than that of the virgin material.  
The soluble fraction (%-w) decreases to one third of that of the unvulcanized 
compound. The rest of the macromolecules in the gel part were still crosslinked. The 
soluble fraction varies between the experiments, indicating different devulcanization 
levels accomplished at different devulcanization conditions. At higher sol fraction, the 
surface of the devulcanizate is generally smoother.  
The fact that the molecular weight (MW) of the devulcanizate extract and the 
soluble fraction are lower compared to that of the virgin rubber show that the 
molecular weight distribution (MWD) after devulcanization has been broadening. The 
lower measured MW might also give an indication of a slight degradation even if a 
quantitative estimation is very difficult to achieve. Chapter 6: Reclaim Rubber from the Devulcanizates  94 
2.2. Revulcanization 
Devulcanized EPDM profile material from an extruder experiment conducted at 
300°C, 100 rpm at 3.5 kg/h rubber feed rate has been chosen for the revulcanization 
study due to its homogeneous appearance and highest sol fraction. This devulcanizate 
reached an 82% relative decrease in crosslink density as measured by the swelling test 
described in Chapter 3.  
Several revulcanization recipes were prescribed as in Table 6.1 for the EPDM 
profile devulcanizate. The first experiment (PM01) was performed to check whether 
the accelerators were still active after devulcanization and hence their addition would 
not be necessary. The second one (PM02) is a normal vulcanization system that is 
applied to the virgin rubber compound. Experiments PM03-04 were performed to see 
the effect of an addition of extra sulfur and experiments PM05-06 to check the 
possibility of mixing the devulcanizate into the virgin material.  
 
Table 6.1. Revulcanization scheme of the profile material 
Recipe Composition  Sulfur 
(phr) 
Accelerator 
(phr) 
Remarks 
PM01  100% devulcanizate 0.63  -  Recovering the 90% sulfur bonds + 
assuming accelerator is still there 
PM02  100% devulcanizate 0.7  6  Normal recipe 
PM03  100% devulcanizate 0.8  6  Extra 0.1 phr sulfur (14%)  
PM04  100% devulcanizate 1  6  Extra 0.3 phr sulfur (40%)  
PM05  50% devulcanizate + 
50% virgin  
0.7 6   
PM06  25% devulcanizate + 
75% virgin  
0.7 6   
PM07  100% virgin  0.7  6  Control experiment 1, standard recipe 
PM08  100% virgin  0.7  6  Control experiment 2, with an 
addition of 5% oil 
 
Experiment PM07 is a control experiment using the virgin rubber. Since oil was 
added during the devulcanization, the devulcanizate has a higher (5%) oil content 
compared to the virgin material. Therefore, another control experiment (PM08) was 
prepared with a correction of extra 5% oil. Sample PM08 was chosen as a fair control 
experiment for samples PM01-PM04 since they are all composed of 100% 
devulcanizate. 
The material was processed on a two-roll mill to form a visually homogeneous 
sheet; after which the activators and sulfur were added in two steps, respectively. The 
revulcanization conditions (temperature and time) of each sample were tested in a 
Rubber Processability Analyzer (RPA2000 from Alpha Technology), resulting in a 
graph given in Figure 6.3. The time when the torque reaches 90% of its equilibrium 
value (t90) was taken as the revulcanization time for each sample. Chapter 6: Reclaim Rubber from the Devulcanizates  95 
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Figure 6.3. Rheometer test at 160°C to determine t90 for each sample 
 
The graph shows that the torque only increases very slightly without any 
addition of accelerator (PM01), indicating a minor revulcanization. Thus, new addition 
of activators is compulsory since the old ones were deactivated. This is confirmed by 
the FTIR spectra in Figure 6.2, which shows no absorbance in the frequency range of 
1740 cm
-1 for devulcanized samples.  
Samples PM02-04 (with 0.7, 0.8, and 1 phr sulfur respectively) exhibit similar 
vulcanization behavior. They only reach a final torque of 1.8 Nm and t90 of 96 seconds 
at 160°C vulcanization temperature, showing a little vulcanization. These results show 
that the addition of extra sulfur (up to 40%) does not have significant influence on the 
vulcanization behavior.  
As can be seen in Figure 6.3, the slopes in the early minutes of all the 
devulcanized samples (PM02-PM06) are steeper than those of the virgin materials 
(PM07-PM08), indicating a higher curing rate of the devulcanized samples. This is due 
to the still active crosslinking sites, which accelerate the crosslinking reaction [19]. 
2.3. Mechanical tests of the revulcanizates 
Hardness (Shore A) was measured for each sample. Compression set was 
measured at room temperature for 24 hours on a specimen of 6 mm thick and 1.3 cm 
diameter; at least 4 specimens are required for each sample. Tensile-strain test was 
done according to ISO 37. 
The graphs in Figure 6.4 depict the results of the mechanical tests of the 
samples after revulcanization at 160°C, as a function of sulfur content in the recipes 
(samples PM02-04, compared with PM08 as the control experiment). As can be seen, 
the differences in the mechanical properties between samples PM02-PM04 are not 
significant. The addition of sulfur up to 40% of its normal amount did not give any 
improvements on the mechanical properties. The tensile strength values of the Chapter 6: Reclaim Rubber from the Devulcanizates  96 
devulcanizates are quite comparable with the virgin rubber, while the elongation at 
break values are much higher than that of the virgin rubber. The hardness drops to 40, 
while that of the control experiment is 60. The compression set values of the 
devulcanizates are two times higher than the control experiment. Hence, the 
revulcanized rubber is softer than the virgin rubber. This result corresponds to the 
lower crosslink density of the reclaimed rubber (2.4·10
-4 mol/g rubber) compared to 
that of the virgin rubber (4.4·10
-4 mol/g rubber) as measured by equilibrium swelling 
in decaline. A higher crosslink density leads to more limited chain mobility [20]. This 
in turn improves the elastic recovery ability of the rubber, which is represented by its 
compression set.  
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Figure 6.4. Influence of sulfur on the mechanical properties 
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Figure 6.5. The influence of reclaim content on the mechanical properties Chapter 6: Reclaim Rubber from the Devulcanizates  97 
 
Figure 6.5 shows the mechanical properties of the revulcanizates as a function 
of devulcanized rubber content (samples PM05-PM08). Two control experiments are 
presented in the graph, since the oil content of the revulcanizates is between that of 
control 1 (PM07, virgin rubber) and control 2 (PM08, virgin rubber + 5% oil). 
The mechanical properties of Control 2 are slightly inferior compared to those 
of control 1. The compression set of control 2 is 25% higher than control 1, while the 
other mechanical properties are quite similar.  
Looking at the results in Figure 6.5, the mechanical properties of the 
reclaimed/virgin rubber blends are quite comparable to those of the control 
experiments. The mechanical properties of 75:25 blend are comparable to those of the 
control experiments; while the hardness and compression set of 50:50 blend are 
slightly inferior compared to the controls.  
The differences in the mechanical properties might be related to the crosslink 
density of the revulcanizates. Table 6.2 shows the results from the equilibrium 
swelling measurement of the samples in decaline, showing that control 1 has the 
highest crosslink density, followed by control 2 and 75:25 (virgin:reclaim), and 50:50 
(virgin:reclaim).  
 
Table 6.2. Crosslink densities of the 50:50 and 75:25 revulcanizates and control 
experiments 
Sample  Crosslink density (mol/g rubber) 
50:50 
(virgin:reclaimed) 
3.29⋅10
-4 
75:25 
(virgin:reclaimed) 
4.22⋅10
-4 
Control 1  4.95⋅10
-4 
Control 2  4.38⋅10
-4 
2.4. Visualisation of the products 
Figures 6.6(a)-(d) are the SEM images on the surface of revulcanized samples 
(PM04, PM06, and PM07) and the control experiment (PM09). Figures 6.6(a) and (b) 
show a smooth surface, while (c) and (d) show some contour on the surface.  Chapter 6: Reclaim Rubber from the Devulcanizates  98 
      
(a)        (b) 
       
(c)        (d) 
Figure 6.6. SEM images of the surface after vulcanization: (a) PM04, (b) PM05, (c) 
PM06, (d) PM08 
 
Figures 6.7(a)-(d) are the SEM images of the fracture from the tensile test. 
Samples PM06 and PM08 (Figure 6.7(c) and (d)) have irregular fibril structures. On 
the other hand, samples PM04 and PM05 have layer-like structure. This layer-like 
fracture might be the cause of its lower tensile strength, due to the stress collection on 
the layers where the fracture can spread easily. Because of its negative effect on the 
mechanical strength, this structure is thus not desired [21,22].  
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(a)        (b) 
           
(c)        (d) 
Figure 6.7. SEM images of the tensile test fracture after vulcanization: (a) PM04, (b) 
PM05, (c) PM06, (d) PM08 
3.  EPDM Roofing Sheet 
The roofing sheet material could be devulcanized at milder conditions in the 
extruder compared to the profile material (as discussed in Chapter 5), producing 
several samples that can easily be processed. These samples were included in the 
revulcanization tests to study the effect of various operating conditions on the 
processability of the devulcanizates. Figure 6.8 is a picture of an extrudate, showing a 
smooth surface and macroscopic homogeneity.  
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Figure 6.8 A picture of a devulcanized roofing sheet extrudate 
3.1. Characterisation of the devulcanizates 
FTIR and GPC analyses were also conducted on the devulcanized roofing 
sheets. The FTIR spectra (Figure 6.9) of the sol fraction of the devulcanizates are 
similar to that extracted from a virgin compound, indicating that the rubber 
macromolecules were not significantly altered by the devulcanization. Again, no peaks 
can be found above 3000 cm
-1, which may lead to a conclusion that there are no or 
very little (below the capability of FTIR to detect) degradation products that contain –
OH groups [16].  
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Figure 6.9. FTIR spectra of the extracted unvulcanized compound vs. devulcanizate 
 
The GPC results of samples from various devulcanization conditions showed 
that the molecular weight distributions of the sol fractions of the devulcanizates are 
similar at about 60% of its original value (96500). The sol fractions are also similar at 
9-11%, or about 30% of the extractable amount of the virgin rubber.  Chapter 6: Reclaim Rubber from the Devulcanizates  101 
3.2. Revulcanization  
Table 6.3 lists the revulcanization tests that were done on the roofing sheet 
material from different extruder experiments. The samples were vulcanized using the 
roofing sheet recipe, with an accelerator:sulfur ratio of 1.5:1.  
 
Table 6.3. Revulcanization tests on various devulcanized samples: normal recipe (1.5 
phr sulfur) 
Sample T 
(°C)
flow rate  
(kg/h) 
HDA  
(mol/kg rubber)
HDA remaining  
(g HDA/g rubber)⋅100% 
Screw speed 
(rpm) 
R1  270 3  0    250 
R2  230 3  0.3  2.3%  100 
R3  230 10  0.1  0.1%  100 
R4  270 3  0.1  0.2%  100 
R5  270 3  0.3  2.4%  250 
R6  270 10  0.1  0.0%  250 
R7  270 10  0.3  3.3%  100 
R8  Virgin compound 
R9  270 10  0.1  0.1%  100 
3.3. Mechanical tests 
Samples R2, R5, and R7 were not tested further due to the presence of bulges 
on the surface. This surface imperfection gives a bad product appearance and 
disturbance during the mechanical tests, resulting in unreliable measurements.  
The results of tensile-strain test, hardness, and compression set tests on the 
other samples are presented in figures 6.10-6.13 as a function of devulcanization 
conditions, with sample R8 (virgin compound) as the control values.  
Figure 6.10 presents the tensile strength and hardness test of sample R0, which 
was devulcanized without any HDA. It performed surprisingly well in the mechanical 
tests except in the tensile strength and elongation at break, which is most probably 
caused by the inhomogeneity due to the presence of the fine crumb at a very low 
devulcanization degree. Chapter 6: Reclaim Rubber from the Devulcanizates  102 
0
2
4
6
8
10
12
14
16
without
HDA
virgin
T
e
n
s
i
l
e
 
s
t
r
e
n
g
t
h
 
(
M
P
a
)
UEAtc
0
10
20
30
40
50
60
70
without
HDA
virgin
H
a
r
d
n
e
s
s
 
(
S
h
o
r
e
 
A
)
0
100
200
300
400
500
600
700
800
without
HDA
virgin
E
l
o
n
g
a
t
i
o
n
 
a
t
 
b
r
e
a
k
 
(
%
)
UEAtc
0
2
4
6
8
10
12
14
16
without
HDA
virgin
C
o
m
p
r
e
s
s
i
o
n
 
s
e
t
 
(
%
)
0
5
10
15
20
25
without
HDA
virgin
T
e
a
r
 
s
t
r
e
n
g
t
h
 
(
N
/
m
m
)
UEAtc
 
Figure 6.10. Mechanical properties of  R0 (devulcanized without HDA) compared to 
those of virgin rubber (R8) 
 
In Figure 6.11, the mechanical properties are plotted as a function of 
devulcanization screw speed (~ shear rate). The differences between samples R9 (100 
rpm) and R6 (250 rpm) are not significant; they both show inferior properties 
compared to the virgin rubber, except in the compression set, which is approximately 
the same as the control.   
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Figure 6.11. Influence of devulcanization screw speed on the mechanical properties 
(10kg/h, 0.1 mol HDA/kg rubber, 270°C) 
 
The mechanical properties are plotted as a function of devulcanization 
temperature in Figure 6.12. The same tendency is observed again: the differences 
between the two samples are not significant, and both have inferior properties 
compared to the virgin rubber except their compression sets.  
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Figure 6.12. The effect of devulcanization temperature on the mechanical properties 
(10 kg/h, 100 rpm, 0.1 mol HDA/kg rubber) Chapter 6: Reclaim Rubber from the Devulcanizates  104 
 
Figure 6.13 plots the mechanical properties as a function of devulcanization 
flow rate (which is more or less inversely proportional to the residence time). 
According to the hardness and tensile-strain tests, the sample produced at lower flow 
rate (3 kg/h) is somewhat softer than that at higher flow rate (10 kg/h); while their 
compression sets are similar. This might be caused by the further network breakage or 
further degradation at longer residence time, which adversely influences the 
mechanical properties after revulcanization.  
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Figure 6.13. The effect of devulcanization flow rate on the mechanical properties 
(270°C, 100 rpm, 0.1 mol HDA/g rubber) 
 
From all the results above, it can be concluded that the tensile strength seems to 
be the toughest property to fulfil for the reclaimed roofing sheet samples, while the 
compression set is the easiest one to retain. 
In spite of the excessive amount of devulcanizing agent in the reclaimed rubber, 
the effect of the devulcanization conditions can hardly be observed in the revulcanizate 
properties. On the other hand, devulcanization without using any devulcanization 
agent results in a crumb-like devulcanizate, which in turn contributes to a very poor 
tensile strength. Hence, a devulcanization agent is necessary but the amount added 
should not be too much to avoid surface imperfection.  
3.4. Visualisation 
Figures 6.14(a)-(d) are SEM images of samples R1, R7, R3, and R6, 
respectively, before any addition of vulcanization system. It can be seen that the 
surfaces in pictures (a) and (b) are quite smooth, while the surfaces in figures 6.14(c) 
and (d) have more contours.  Chapter 6: Reclaim Rubber from the Devulcanizates  105 
The accelerators and sulfur were added to the rubber in two mixing steps in a 
two-roller mill. The samples were vulcanized in a press according to the T90 time and 
vulcanization temperature measured in RPA2000 beforehand. After revulcanization, 
all of the samples in Figure 6.14 showed smooth surface. 
 
          
(a)        (b) 
          
(c)  (d) 
Figure 6.14. SEM images of the rubber surface after milling, before any addition of 
vulcanization system 
 
Surface imperfection was observed on samples prepared in the extruder with a 
concentration of HDA higher than 0.15 mol/kg rubber. This might be due to 
interaction between gaseous components present in the devulcanizate and the 
properties of the devulcanizate (for example its surface tension, elasticity, and early 
curing because of the still active crosslinking sites) so that some gas is trapped in the 
rubber. Since the vulcanization in the press was conducted at 100 bar, it is suspected 
that the bulges were already formed during the degassing (bumping) step prior to the 
pressing.  
The gaseous component involved in the bulge forming is most likely HDA, 
with a boiling point of 330°C and flash point of 140°C, which might be leaving the 
rubber at the vulcanization temperature, forming bulges (up to 4 mm in diameter) as 
shown in Figure 6.15. This is supported by the FTIR spectrum in Figure 6.16 on the 
deposit of the vapor trapped during the heating of the devulcanizate at 140°C Chapter 6: Reclaim Rubber from the Devulcanizates  106 
(vulcanization temperature), which is similar to that of the HDA. A thermogravimetric 
analysis (TGA) at 140°C done on the devulcanizate (shown in Figure 6.17) showed a 
3.2%-weight loss fraction after 60 minutes of heating. This amount is equal to the 
amount of HDA remaining in that sample according to HDA analysis in GC on the 
hexane extract of the devulcanizate. 
 
 
Figure 6.15. A surface photo of a revulcanized sample with bulges 
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Figure 6.16. FTIR of the deposit of the vapour obtained by heating the devulcanizate at 
vulcanization temperature 140°C 
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Figure 6.17. TGA analysis at 140°C of a devulcanizate containing 3.2% HDA 
 
Despite the fact that using higher concentration of HDA in the devulcanization 
process leads to a higher conversion (as discussed in Chapter 4 and 5), this causes 
surface imperfection of the revulcanizate. Hence, the amount of HDA used in the 
devulcanization process should be optimized to give enough conversion and as little as 
possible HDA remaining in the rubber. 
4.  Blending of EPDM Profile Devulcanizate into the Virgin Roofing Sheet 
Compound 
Another revulcanization method has also been tested by the Rubber Group of 
Twente, using the devulcanized EPDM profile material produced in the continuous 
devulcanization process developed here. The devulcanizate was blended into the virgin 
roofing sheet and curing was done using the vulcanization system of the latter up to its 
t90 at the corresponding temperature, where no marching modulus and no reversion 
were observed.  
The results of the tensile strength, elongation at break and tear strength tests are 
depicted in Figure 6.18 (a-c, respectively).  
The tests give excellent results, where almost all the properties are still above 
the UEAtc standards [23] (union européenne pour l’agrément technique dans la 
construction, which is the European standard for roofing sheet), except the tear 
strength of the 70/30 compound (Figure 6.18(c)). 
The tensile strength and elongation at break are above the standard even for the 
100% devulcanized EPDM profile material. Surprisingly, its tear strength is even 
higher than the virgin material. Chapter 6: Reclaim Rubber from the Devulcanizates  108 
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Figure 6.18. Results of the (a) tensile strength tests, (b) elongation at break, (c) tear 
strength for several virgin roofing sheet and devulcanized EPDM profile material after 
revulcanization 
 
Looking at these results, it seems that the use of the devulcanized EPDM profile 
to replace the virgin roofing sheet compound is a very potential application of this 
devulcanizate. 
5.  Conclusions 
The devulcanized rubber produced in this research can be revulcanized to 
obtain a new rubber product using the same recipe of the corresponding virgin rubber. 
Unfortunately, the mechanical properties of the revulcanizate without any addition of 
virgin material are inferior in comparison with those of the virgin rubber, which is not 
surprising considering the broader molecular weight distribution of devulcanizate (as 
measured by sol-gel test and GC). From the revulcanizations tested so far, the best way 
to improve the mechanical properties is still by mixing some fraction of virgin material 
into the reclaimed rubber. The revulcanization tests on the devulcanized profile 
material have shown that at least 25% of the devulcanizate can be added to the virgin 
material without deteriorating the mechanical properties.  Chapter 6: Reclaim Rubber from the Devulcanizates  109 
In case of EPDM profile revulcanizates, the hardness and compression set are 
the difficult mechanical properties to sustain; while the tensile strength and elongation 
at break are the tough ones in case of EPDM roofing sheet revulcanizates. Thus, the 
challenging mechanical properties to keep up with the virgin rubber might differ for 
different types of EPDM rubbers, which is probably related to their vulcanization 
system. 
Blending a devulcanizate into another type of EPDM rubber compound or 
reusing it in different application is a good option as has been shown here. 
Revulcanizing EPDM profile devulcanizate using the vulcanization system for roofing 
sheet produced roofing sheet that comply with its application standards even at 100% 
devulcanizate content . 
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CHAPTER 7 
TECHNOLOGICAL  ASSESSMENT:  APPLICATION OF THE 
EXTRUDER  MODELS FOR OTHER  DEVULCANIZATION 
PROCESSES 
 
 
 
 
1.  Methodology  
A methodology for designing a continuous setup for a devulcanization process 
has been developed within this project. The results discussed in Chapter 4 demonstrate 
that the devulcanization process studied in the batch system (Chapter 3) can be 
successfully applied in a continuous extrusion operation.  
1.1. Designing procedure 
The screw designing procedure for a continuous devulcanization process is 
depicted schematically in Figure 7.1. When the devulcanization kinetics (showing the 
influences of the rate determining parameters on the conversion) is provided, the screw 
configuration can be designed by performing simulations. The chosen screw 
configuration should provide enough residence time and shear to give the required 
conversion at certain operating conditions. Kinetics of the devulcanization can be 
developed in a batch setup by first conducting screening experiments (Chapter 2) and 
subsequently extensive kinetics experiments (Chapter 3). The kinetics study should 
include all measurable factors that influence the devulcanization rate.  
On the other hand, when there are not enough kinetic data to build a physical 
model of the extrusion, finding the optimum devulcanization conditions in a batch 
setup and trying to replicate the same conditions in the continuous process (the route 
on the right side of Figure 7.1) proves an alternative route. Since the residence time is 
then, consequently, estimated by not taking into account the changes in the degree of 
fill in transporting and pumping zone due to the lack of physical and kinetic data, some 
deviation of the results might occur. In this case, an experimental design method for 
the flow rate and rotation speed variation might be effective in studying the process 
response in the operating condition ranges studied (as has been discussed in Chapter 5). 
Fine-tuning of the operating conditions can then be done using the derived model.  112   Chapter 7: Technological Assessment 
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Figure 7.1. Flow diagram to design the screw configuration for devulcanization 
purpose 
1.2. Estimation of the Key Parameters 
The screw configuration of the extruder is designed according to the residence 
time and shear rate required to achieve the desired conversion. The shear rate 
calculation is quite straightforward as compared to that of the residence time. 
The required shear rate can be obtained by adjusting the flow rate and the screw 
rotation speed according to equations proposed by van der Wal et al. [1,2], or Meijer 
and Elemans [3]. For practical purposes, the shear rate in the kneading zone is the 
most important one. It should meet the shear rate in the Brabender since its value in 
the kneading zone is the highest and hence the conversion occurs mainly here.  Chapter 7: Technological Assessment    113 
On the other hand, the residence time calculation is not straightforward, as 
depicted in Figure 7.2. The residence time must be calculated per screw section, 
depending on the maximum drag capacity of the screw, the feed rate, the phase state 
(solid/liquid) and the backflow. The maximum drag capacity is influenced by the 
rotation speed and the screw geometry. The backflow is a function of the maximum 
drag capacity, the backpressure, and the throughput. 
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Figure 7.2. Factors influencing the residence time (+: positive effect, -: negative effect) 
 
2.  Influence of the Processing Steps on the Product Performance  
The mechanical properties of the reclaimed rubber are to some extent dependent 
on the processes involved, which can be grouped into two parts: the devulcanization 
part and the revulcanization one. The process conditions during the devulcanization 
step will influence the characteristics (namely viscosity) of the devulcanizate produced. 
In the revulcanization step, the curing system and the reclaim/virgin ratio will affect 
the product performance. In order to obtain the best results in mechanical properties, 
these parameters should be studied further. 
Considering the broadness of the revulcanization techniques and the product 
possibilities, a product technology approach is required to find the best product that 
can be made out of the devulcanized EPDM rubber. Product technology here involves 
recursive impacts between the chemistry, the processing, and the product properties 
and market price (Figure 7.3). Product properties are the results of the chemistry and 
processing parts of the technology. On the other hand, the processing techniques and 
chemistry are very much dependent on the product value, which is in turn related to 
the product properties. Chemistry and processing are to be considered simultaneously 
in optimizing the product’s properties since they give feed back to each other. In this 114   Chapter 7: Technological Assessment 
research, the effect of the processing on the product’s properties has been studied, as 
has been discussed in chapter 6.   
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Figure 7.3. Product technology approach for rubber reclaiming 
 
The importance of this product technology approach can also be seen in the 
economic evaluation of the recycling process. Economic feasibility of the whole 
process is, in the end, the most important factor to be considered. Figure 7.4 shows the 
balance that should be made between the operational cost and the profit of a recycling 
process for the feasibility study. A devulcanization process is cost intensive due to the 
high operating temperature required to break a quite stable crosslinked structure in 
EPDM’s. Taking a look at the factors considered in Figure 7.4, almost all can be 
assumed reasonably fixed for different devulcanization process, except the material 
cost for re-vulcanization and the product price. Therefore, the balance is now really 
dependent on these two factors, which are in turn dependent on the product 
optimization as depicted in Figure 7.3.  
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Figure 7.4. Economical consideration of a recycling process 
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3.  Applications of the Reclaim Rubber 
Three revulcanization possibilities have been studied within this project so far. 
The first one is introducing the devulcanized EPDM profile into the virgin compound 
(in the 50/50 and 25/75 of devulcanized/virgin ratio), which results in mechanical 
properties that are comparable to the virgin one. The second one is the revulcanization 
of the roofing sheet material (100% from the devulcanized roofing sheet), which 
results in slightly inferior mechanical properties compared to the virgin one (Table 
7.1). The third one is the mixing of EPDM profile material into the virgin roofing 
sheet compound that has been conducted by Rubber Group of University of Twente. 
The compound was cured according to the roofing sheet recipe and resulted in good 
mechanical properties (Table 7.1), all higher than the UEAtc standard.  
 
Table 7.1. Mechanical properties of the roofing sheet material produced from 
devulcanizates 
Material Tensile  strength 
(MPa) 
Elongation at break 
(%) 
Tear strength 
(N/mm) 
Roofing sheet reclaim  7-10  400-500  15 
Profile reclaim  9-13  620-800  20-35 
Virgin roofing sheet  13  650  20 
*The UEAtc standard is 8 MPa for tensile strength, 400% strain at break, and 20 N/mm tear 
strength [4] 
 
The first two represent the attempt to reuse the rubber for its original 
application, while the last one is an example of reusing the rubber in a different 
application. Considering the possibilities in using the reclaim rubber, an extensive 
study on the application is required as a continuation of this research. 
 
4.  Conclusions 
The work presented here is of industrial importance, as has been discussed by 
Fukumori et al. [5], having the final aim to minimize the production waste. 
A method to develop a continuous devulcanisation system in an extruder based 
on a known kinetics has been presented here. When the kinetics is not available, 
experimental design can be used in studying the response of the process in a certain 
range. Anyhow, preliminary study in a batch setup is required for both cases.  
Developing a feasible devulcanization process is a challenge. The solution to it 
requires an extensive study on finding the best-recycled product with good market 
value at lowest possible re-vulcanization cost. 
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SUMMARY 
 
 
EPDM is the fastest growing synthetic rubber due to its aging resistance 
compared to other rubbers and its high extendibility with fillers and plasticizers. The 
main use of EPDM is in automotive, building and construction applications. 
Unfortunately, compared to other rubbers, EPDM rubber has received much less 
attention concerning the recycling issue. Because of the stricter environmental 
legislation, the rubber-producing and –consuming societies are more urged to consider 
the possibilities of recycling in one form or the other. 
Within this project, a continuous process to devulcanize EPDM rubber crumbs 
has been developed systematically. Unfortunately, the molecular kinetic model of 
devulcanization is not available in the literature. Both the action of a devulcanizing 
agent towards the sulfur crosslinking points in an EPDM compound and the 
mechanism of the mechanochemical reaction are not exactly known. This is due to the 
complexity of the devulcanization reaction, which involves multi-components and 
interactions between them during both the processing and the analysis.  
The novel aspect of the current research is the combination of shearing 
mechanism in the twin screw extruder (TSE) and the use of α-H aliphatic amines as 
devulcanizing agent to obtain revulcanizable EPDM rubbers and the modeling of the 
process. To design an EPDM recycling, the corresponding process parameters in the 
TSE, such as the shear stress, the temperature, and the screw configuration, have to be 
optimized. For this optimization, a satisfactory model for the process in the TSE is 
required, which in turn necessitates the development of a kinetic model on EPDM 
devulcanization reaction. An engineering type of kinetic model was derived for this 
purpose. A suitable screw configuration and operating conditions for the continuous 
system were then designed using this engineering kinetic model.  
Screening experiments (Chapter 2) have been conducted to test whether it is 
possible to devulcanize the rubber and to determine the parameters to be studied 
before conducting further experiments. After this, the ranges of the operating 
conditions were determined. It has been observed that the favorable process conditions 
(temperature, time, and initial devulcanization agent concentration) for each type of 
vulcanizate might differ. It has also been observed that grinding the rubber particle 
further to smaller size was not necessary, since the shear played an important role and 
it is influenced by the effective volume, which is to a large extent dependent on the 
compaction (bulk density).  
The engineering kinetic model (chapter 3) of an efficient vulcanized EPDM 
profile material was studied in a Brabender batch mixer after the operating ranges had 
been estimated by screening experiments. The model calculates the effect of operating 
conditions on the degree of conversion of the devulcanization reaction. Temperature, 
shear rate and reactant concentrations (in this case: crosslink density and amine 
concentration) are considered as the input and output parameters. Crosslink density is 118 
chosen to be the indicator of the extent of reaction since it is the only parameter that 
can be measured at any reaction time/extent. The model derived covers all the 
phenomena that occur during the devulcanization process, although it does not allow 
distinguishing them on a molecular level. The validation test on the model shows that 
it is able to predict the decrease of the reactant concentrations in time quite adequately. 
A self-wiping co-rotating twin-screw extruder was used for the continuous 
devulcanization (chapter 4). It is considered as a continuous reactor, modeled by 
stirred tank and plug flow reactors in series. The residence time is calculated based on 
the flow rate, the rotation speed of the screws and the back flow rate. By knowing the 
residence time of the material in the reactor and the shear rate applied to it in each 
screw section, the conversion (degree of decrosslinking) can be estimated. The 
calculated crosslink densities of the material leaving the extruder were compared with 
the experimental ones to validate the model. The model can predict the conversion in 
the extruder quite satisfactorily. Extending the experimental conditions to a higher 
temperature did not give a good agreement, due to the occurrence of phenomena that 
were not observed when deriving the engineering kinetic model. The analysis on the 
devulcanizate does not show any significant amount of degradation product. The 
average molecular weight of the devulcanizate is about 60% from that of the virgin 
material, suggesting that there is less than one scission per polymer chain of the sol 
fraction.  
Experimental design is a useful tool to study the process response for a “quick” 
test when the kinetic data are not available (chapter 5). Since any reactions occur 
according to a particular kinetic equation or physical phenomenon, a process will 
follow certain tendencies. These trends are to be observed by the experimental design 
method, resulting in a statistical model showing the correlation between the input 
parameters (temperature, screw rotation speed, feed rate) and output (crosslink 
density). The process responses of two EPDM materials studied here show similar 
tendency with temperature and screw speed (shear). Anyhow, the devulcanizations of 
different EPDM compounds might show different tendencies in their responses. When 
the material is easily devulcanized, the influence of flow rate on the degree of fill in 
the extruder (and hence, the conversion) is more significant, which can be explained 
by extrusion theory. 
The results of three revulcanization methods using the devulcanizates produced 
earlier are presented in chapter 6. The devulcanized rubber produced in this research 
can be revulcanized to obtain a new rubber product using the same recipes for the 
virgin rubber. The mechanical properties of the revulcanizate without any addition of 
virgin material are slightly inferior in comparison with those of the virgin rubber, 
which is not surprising considering the broader molecular weight of devulcanizate. 
From the revulcanizations tested so far, the best way to improve the mechanical 
properties is by mixing some fraction of virgin material into the reclaimed rubber. The 
revulcanization tests on the devulcanized profile material have shown that at least 25% 
of the devulcanizate can be added to the virgin material without deteriorating the 
mechanical properties. Blending a devulcanizate into another type of EPDM rubber 
compound or reusing it for different applications might be a good option as has been 
shown here. Revulcanizing EPDM profile devulcanizate using the vulcanization    119
    
system for roofing sheet (semi efficient vulcanization) produced roofing sheet that 
comply with its application standards even at 100% devulcanizate content. 
Developing a feasible devulcanization process is a challenge for rubber industry. 
The solution to it requires an extensive study on finding the best-recycled product with 
good market value at lowest possible re-vulcanization cost. 120 
SAMENVATTING 
 
 
EPDM is de snelst groeiende synthetische rubber vanwege zijn zeer goede 
verouderingsbestendigheid, vergeleken met andere rubbers, en zijn hoge vulbaarheid 
met vulstoffen en olie. Het vindt zijn belangrijkste toepassingen in automobiel- en 
bouwprofielen, slangen, en kabelisolatie.  
Ondanks de snelle groei van EPDM krijgen de recycling aspecten nauwelijks 
enige aandacht. Door de veranderingen in wetgeving worden de rubber fabrikanten en 
gebruikers echter aangespoord om ook de recycling mogelijkheden te beschouwen.  
Binnen dit project is een systematische methode ontwikkeld om een continu 
devulkanisatieproces op te bouwen. Noch het moleculaire kinetische model van de 
devulkanisatie, noch de reactiviteit van het devulkanisatiemiddel en het 
reactiemechanisme zijn bekend. Dit komt door de complexiteit van het 
devulkanisatieproces, waarbij verschillende componenten betrokken zijn en met elkaar 
interfereren tijdens het devulkanisatie en tijdens de analysen.  
De nieuwe aspecten van dit onderzoek zijn, naast het modelleren van het proces, 
de combinatie van het toepassen van frictie en het benutten van een α-H alifatisch 
amine als devulkanisatiemiddel om revulkaniseerbaar rubber te produceren. 
Om het bovengenoemde proces te ontwerpen, dienen de extrusieparameters, 
zoals frictie, temperatuur, en schroefconfiguratie, geoptimaliseerd te worden. Hierbij is 
een mathematische beschrijving voor het devulkanisatieproces onmisbaar. Om deze 
reden is eerst een kinetisch model voor de EPDM devulkanisatie opgesteld met behulp 
van batch experimenten. Daarna zijn de bijbehorende schroefconfiguratie en de 
reactieomstandigheden voor het continue systeem bepaald op basis van dit kinetische 
model. 
Screening experimenten (Hoofdstuk 2) zijn verricht om eerst te onderzoeken of 
de rubber mogelijk te devulkaniseren is en bovendien om de relevante parameters te 
definiëren. Vervolgens werd bepaald in hoeverre de reactieomstandigheden 
verwezenlijkt kunnen worden in de te gebruiken continue apparatuur. In dit onderzoek 
werd rubber met een bepaalde maalgraad aangeleverd en het bleek dat verder malen 
van de rubber overbodig was, aangezien de afschuifkrachten in de extruder en in de 
kneder een sterke invloed op het proces hebben. De intensiteit van de afschuifkracht 
wordt sterk beïnvloed door het effectief volume, terwijl het effectief volume in hoge 
mate wordt bevorderd door de bulkdichtheid. Hoge bulkdichtheid ontstaat door het 
verder malen van de rubber. Verder duiden de resultaten van de screening 
experimenten aan dat de optimale reactieomstandigheden (d.w.z. temperatuur, 
reactietijd, en de initiële concentratie van het devulkanisatiemiddel) voor elk type 
rubber verschillend kunnen zijn. 
Het engineering-kinetische model (Hoofdstuk 3) van een efficiënt 
gevulkaniseerde EPDM is in een Brabender batch mixer bestudeerd na de screening 
experimenten. Het model berekent het effect van de invoer parameters op de 
devulkanisatie. Temperatuur, afschuifsnelheid en reactant concentraties (in dit geval: 
de knooppuntdichtheid en amine concentratie) zijn verwerkt als de invoer en uitvoer    121
    
parameters in het model. De knooppuntdichtheid is gekozen als indicator voor de 
conversie van de reactie vanwege zijn goede meetbaarheid op elke tijdstip van de 
reactie. Het afgeleidde model omvat verschillende verschijnselen die tijdens de 
devulkanisatie optreden, maar het was binnen het kader van het onderzoek onmogelijk 
om een onderscheid te maken op moleculair niveau. Validatie tests uitgevoerd met het 
model geven aan dat de afname van de concentraties van de stoffen met de tijd en dus 
de conversie adequaat voorspeld kan worden.  
De volgende stap in dit onderzoek was het toepassen van het model om de 
continue reactor te ontwerpen. De continue devulkanisatie van EPDM rubber is 
uitgevoerd in een meedraaiende dubbelschroefextruder (Hoofdstuk 4). De extruder 
wordt beschouwd als een continue reactor, gemodelleerd door een reeks van geroerde 
tankreactoren en propstroomreactoren. De verblijftijd wordt bepaald door het doorzet, 
de schroefrotatie snelheid, en de terugstroming. De verblijftijd en afschuifsnelheid in 
elke schroefsectie bepalen samen de conversie (de-crosslinkingsgraad). Vergelijking 
van de experimenten, die onder verschillende condities zijn uitgevoerd, met de 
berekeningen die met het model zijn uitgevoerd, levert goede resultaten met een 
standaardafwijking van 3.5%. De GPC en sol-gel tests analysen hebben geen 
aanzienlijke degradatie producten aangetoond. De gemiddelde molecuulmassa is circa 
60% van die van de oorspronkelijke rubber. Dit suggereert dat er van de rubber in de 
solfractie minder dan één afbraak per polymeerketen plaatsgevonden heeft. 
Er is tevens een andere modelleringmethode voor het continue 
devulkanisatieproces in een dubbelschroefextruder bestudeerd. Experimental design is 
een handige methode om de respons van een proces te bestuderen (Hoofdstuk 5). Het 
afgeleide model geeft de correlatie tussen de invoer parameters (de temperatuur, de 
schroefrotatiesnelheid, en de doorzet) en de uitvoer parameter (knooppuntdichtheid) 
aan. Beide typen EPDM rubber geven dezelfde respons bij de verandering in de 
temperatuur en de schroefrotatiesnelheid. Evenwel, de devulkanisaties van twee 
EPDM rubbers kunnen ook verschillende trends vertonen. Als de rubber vrij 
gemakkelijk te devulcaniseren is, is de invloed van het doorzet op de vulgraad van de  
extruder (en op zijn beurt conversie) opvallend. Dit kan verklaard worden met behulp 
van klassieke extrusie theorieën . 
De resultaten van drie verschillende revulkanisatie methoden op de kwaliteit 
van de gevulkaniseerde recycle rubber zijn gepresenteerd in Hoofdstuk 6. Dezelfde 
vulkanisatierecepturen als voor de oorspronkelijke rubber werden gebruikt. De 
(mechanische) producteigenschappen van de reclaim rubbers zonder toevoeging van 
nieuwe rubber zijn enigszins inferieur in vergelijking tot die van het oorspronkelijke 
rubber. Dit is niet verbazingwekkend gezien de bredere molecuulmassa verdeling van 
de devulkanisaat zoals gemeten door sol-gel test en GC. Vastgesteld kan worden dat 
tenminste 25% van de EPDM devulkanisaat toegevoegd kan worden aan de nieuwe 
rubber zonder verlies van de hier geteste producteigenschappen. Mengen met een 
ander type EPDM is een mogelijke applicatie voor de gedevulkaniseerde rubber, zoals 
hier aangetoond is. EPDM profielrubber revulkaniseren met het semi efficiënte (SEV) 
vulkanisatiesysteem (zoals gebruikt in de productie van EPDM dakbedekking) levert 
rubber op die voldoet aan zijn toepassing standaard, zelfs indien hij bestaat uit 100% 
gedevulkaniseerde rubber.  122 
Het is nu de uitdaging om een economisch haalbaar devulcanisatie proces op te 
bouwen. Een uitgebreide studie moet hiervoor verricht worden om de beste reclaim 
met de beste verkoopprijs en de laagste mogelijk revulkanisatie kosten te krijgen. 
    123
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